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FOREWORD 


This book presents the findings of research carried out 
at the Institute of Higher Nervous Activity and Neurophysiology 
(USSR Academy of Sciences), the thirtieth anniversary of whose 
founding was celebrated in 1980. The contributors include both 
leading Soviet scientists whose names are familiar to the scientific 
public, like the late KE. A. Asratyan, Member of the Armenian Acad- 
emy of Sciences and Corresponding Member of the USSR Academy 
of Sciences, M. N. Livanov, Member of the USSR Academy of 
sciences, V. S. Rusinov, Member of the USSR Academy of Medical 
Sciences, and the middle generation of Soviet neurophysiologists, 
heads of the Institute’s laboratories. 

The papers are linked by the common theoretical position of 
(heir authors who, basing themselves on the works of Sechenov, Pav- 
lov, and Ukhtomsky, the fathers of Soviet physiology, have em- 
jloyed the broad arsenal of modern experimental technique and 
mathematical data processing. 

The general theme is the physiological mechanisms of 
learning and memory, i.e. the processes of the development, reten- 
tion and realization of conditioned reflexes. The conditioned reflex, 
though a central phenomenon in higher nervous activity, does not, 
hy itself, ensure purposeful behaviour. Pavlov repeatedly stressed 
(hat higher nervous activity was not, by any means, a sum of con- 
ditioned reflexes, and was not restricted to such. It is a broader 
concept that includes very complex kinds of inborn, unconditioned 
reflexes (instincts) and integrated systems of conditioned reflexes 
in the form of dynamic stereotypes, conditioned switching, and re- 
flex chains in which the effector end of one reflex is the initial af- 
ferent link of the next, and so on. 

A combination of Ukhtomsky’s dominant focus and Pavlov’s 
conditioned reflex, discovered and introduced into science by these 
outstanding leaders of world physiology, can be considered the ele- 
mentary functional unit of the central organization of behaviour. 

The mechanism of the dominant focus ensures active search for 
ways and means of satisfying a living creature’s needs at a given 
moment. The mechanism of the conditioned reflex makes the gener- 
alized search selective, purposeful, and adequate to the existing 
situation. The two form a complex dialectical unity. Fea- 
tures of the dominant focus and all its characteristic behavioural, 
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electrophysiological, neurochemical, and microstructural attributes, 
for instance, are clearly discernible in the initial stage of the gen- 
eralization of a conditioned reflex, while we find signs of a ‘special- 
ized dominant’ (the third stage in the forming of a dominant focus, 
in Ukhtomsky’s terminology) in the phenomenon of a backward 
conditioned connexion. 

In the learning process and activity of the individual brain the 
principles of the dominant focus and the conditioned reflex are 
comparable with mutability and selection in the evolution of the 
world of animate creatures. The two mechanisms (dominant focus 
and conditioned reflex) organically supplement each other, making 
behaviour active and, at the same time, adequate to objective real- 
ity. The point here, we would emphasize, is not simply one of 
analogy but of a pattern of self-development of animate nature that 
is so universal that it is revealed in both phylogenesis (adaptation 
of a species) and ontogenesis (the adaptive behaviour of the indi- 
vidual). That is why we cannot agree with Popper’s proposal: ‘It is 
this theory of actively preferred conjectures and their refutation 
by a kind of natural selection which we propose to put in the 
place of the theory of the conditioned reflex.’* Today’s science of 
higher nervous activity has dialectically integrated active stochastic 
search and selection in the ideas it has formulated of the pat- 
terns and physiological mechanisms of the dominant focus and con- 
ditioned reflex. 

The problem of learning, i.e. individually acquired experience, 
is examined by the authors in various aspects. The papers contrib- 
uted by Rusinov, Kruglikov, and Gassanov are devoted to the cel- 
lular synaptic and neurochemical foundations of learning and mem- 
ory. Those by Shevelev, Shuleikina, et al., discuss questions of 
the sensory system of adaptive behaviour. Livanov and Efremova 
explore the functional interaction of various cerebral structures in 
the forming of a conditioned reflex, by analysing the spatial organi- 
zation of neural processes. Finally, the reflex, neurophysiological 
approach to the motivation of behaviour and the role of stimulation 
and reinforcing factors is reflected in the papers of Asratyan, Pav- 
lygina, and Simonov. 

In conclusion we would like to pay tribute to the memory of 
Esras Asratyan, the initiator, compiler, and executive editor of this 
volume. A pupil of Pavlov’s and a worthy continuer of his work, 
E. A. Asratyan was the founder, and for many years director, of 
the Institute of Higher Nervous Activity and Neurophysiology 
(USSR Academy of Sciences). Throughout those years he was 
guided by the idea of constructive development of Pavlov’s work 


- K. Popper and J. Eccles. The Self and Its Brain (Springer In- 
ternational), Hamburg-New York, p. 138. 
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by integrating the latest achievements of the general physiology 
of the brain and the advances of allied fields of science, viz. neuro- 
chemistry, electron microscopy, radioelectronics, and computers. He 
developed ideas of the two-way (forward and backward or feedback) 
conditioned connexion as a universal principle of the brain’s inte- 
grative activity, and suggested a reflex approach to understanding 
of the mechanisms of purposeful, motivated behaviour. Publica- 
tion of this volume was one of his last scholarly undertakings. It 
embodies this remarkable man’s enthusiasm and passionate search 


for truth. 
P. V. Simonov. 
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{ The Polarization Electrotonic 
Hypothesis of the 
Formation of Simple 
Forms of Temporary Connexion 


V.S. Rusinov, Mem. USSR Acad. Med. Se. 


For a perspective on the polarization electrotonic hypo- 
thesis one should consider the examples of simple forms of tem- 
porary connexion—summation reflex and the dominant focus, gen- 
erally called the dominant. Though akin to the conditioned reflex 
in character, both differ from it by a number of significant attri- 
hutes. In eliciting conditioned reflexes the summation reflex and the 
dominant are the initial phases of their initiation. So the latter two 
forms must be logically defined as temporary connexions or the 
initial phases of a single complex process leading to the rise of 
new connexions. 

The dominant and its physiological mechanisms are more com- 
plex than the summation reflex. For one thing, the latter has not. 
the large inertia that the dominant has. For another, if there is any 
conjugate inhibition during the summation reflex it oecurs not in 
the way it does under the dominant. In that event, furthermore, 
conjugate inhibition differs from the conventional reciprocal reac- 
tion of inhibition because it exerts itself via the connexions brought 
about by newly formed interrelations in the central nervous sys- 
tem, and not via the connexions anatomically consolidated through 
the process of evolution. 

The conditions for and phases of conditioning are well-known 
from the doctrine of higher nervous activity. The physiological 
mechanisms for conditioned reflex elaboration are genetically linked 
with summation. This is not to say that conditioned reflex is equi- 
valent to either the dominant or summation reflex, even though 
both of them, by virtue of their mechanism, do have a role in the 
formation of a complex form of temporary connexion. 

The general circuit diagram of the relation between the physio- 
logical mechanisms of summation reflex, the dominant and condi- 
tioned reflex may be dissimilar to the relation between specific 
forms of expression of the dominant and conditioned reflexes. This is 
because each of them can have a varied degree of complexity in terms 
of the structures involved in the reaction, levels of these structures 
and their implications for animal behaviour. 

For our hypothesis, the starting theoretical assumptions have 
been the Pavlov theory for dynamic localization of functions and 
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the Ukhtomsky concept of the dominant. In the general context of 
his theory regarding dynamic localization of functions Pavlov in- 
troduced the concept of ‘centre’ as a functional integration of neu- 
ral formations located on different levels in the central nervous 
system. Variable functions of the nerve cells in the cerebral cor- 
tex, according to Pavlov, depend on their state which, other condi- 
tions being equal, controls their response to a stimulus. Ukhtom- 
sky, reasoning from Wedensky’s teaching but drawing on other 
specific evidence, developed the same understanding of ‘centre’. By 
general inference from Wedensky’s teaching he accepted the propo- 
sition that the functional state of an excitable substrate, other con- 
ditions being equal, determines the reaction to a stimulus. 

These general postulates by the classics of physiology premised 
our initial theoretical position for experiments with action by direct 
current on the cortex and subcortical formations. This was our 
line of reasoning: if indeed Pavlov and Wedensky with Ukhtomsky 
were right in assuming that the functional state of a neural sub- 
strate, other conditions being equal, does determine the response to a 
stimulus, then direct current must of necessity be made part of 
the experiment, much more on the cerebral cortex. The general 
physiology of the nervous system knows of no better factor to em- 
ploy as the agent to modify gradually the state of a neural sub- 
strate than weak direct current. It was our feeling that by gradually 
modifying the intensity of direct current it would be possible to 
pick up all progressive alterations of the functional state and lo- 
cate the optimum likely to give rise to the exact state, necessary 
for the formation of however simple, but still new, temporary con- 
nexion in the cerebral cortex. 

The thesis suggesting for the state of a neural substrate a deci- 
sive role in determining, other conditions being equal, the reaction 
to a stimulus lays a bridge that joins the Pavlov doctrine with that 
of Wedensky-Ukhtomsky, its derivation from different experimental 
data notwithstanding. 

The first fundamental principle of the polarization electrotonic 
hypothesis is this: weak direct current, more precisely the electric 
field it generates, acts on the cerebral cortex modifying the state 
of the nerve cells there and is an essential determinant factor of 
change in the function of these cells. 

Based on pertinent experimental findings in our laboratory and 
data from the literature we have come to the conclusion (Rusinov, 
1951) that overall rhythms of the electrical activity of the cerebral 
cortex suggest, first and foremost, the presence of a connexion be- 
tween neurons that may have three different forms, or types, of ex- 
pression. The first type of the functional connexion between neurons 
is a gradually spreading excitation (which we called ‘local spreading 
excitation’). The second type is a propagating wave of excitation 


1. Polarization Electrotonic Hypothesis 14 


shown electrographically as an action current, or action potential 
(AP). The third connexion type is electrotonic, that is, similar to 
the action of a direct current. All the three types of the connexion 
between neurons comprise a total connexion system, and thereby 
define the functional unity of the nervous system. 

Let us examine these types of the functional communication 
between neurons to see which is the major one in the formation 
of simple forms of temporary connexion. 

On present neurophysiological evidence, discrete processes in the 
nervous system—in the form of action potentials driving impulse 
transmission—occur mainly in the nerve fibre and not at the neu- 
ronal input and output, the critical integration sites of the neuron; 
the gradual processes in action there may be described as conti- 
nuous functions. Some evidence in the literature suggests that 
changes in the state of the neuron may not necessarily be accom- 
panied by the generation of an impulse but still influence the activ- 
ity of neighbouring neurons, thus compelling recognition for the 
probabilistic character of neuronal discharge. There is no question 
that an electric field has the ability to modify the activity of neigh- 
bouring neurons. In other words, the processes going on in the ner- 
vous system make up a complex plexus of both analog and discrete 
properties of the system which is at once deterministic and proba- 
bilistic in character. 

Much attention is being paid today to the functional role of grad- 
ual electrotonic potentials and their presumed involvement in in- 
formation transmission to the neighbouring neuron, particularly, 
through dendrodendritic or axoaxonal junctions or even as a 
gradual process propagating via the axon itself. 

In view of the methodological difficulties involved, there are as 
yet no accurate direct electrophysiological data on that score. There 
are nonetheless indirect pointers to possible conveyance of gradual 
electrical activity through the axon in the form of a monophase po- 
tential. The proposition about the first type of connexion between 
neurons ensued from experiments with repeated KCl alteration of 
the sciatic nerve in the frog. Wedensky considered such a nerve 
segment and the processes set in train there in response to stimu- 
lation as an analog, a model of the cell in the central nervous sys- 
tem. Our laboratory offered a clear demonstration that under cer- 
tain conditions, specifically after repeated alteration with KCl of 
a frog sciatic nerve segment, gradual potentials are able to radiate 
through the nerve in monophase waves. Because of its resemblance 
with local excitation it was called ‘local spreading excitation’ but 
in fact this is gradual spreading excitation (Grindel and Rusinov, 
19957). 

Therefore, the concept of gradual spreading excitation as a pos- 
sible type of functional connexion between neurons leaned on the 
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support of factual data. Frolov and Manyanin from the neurocy- 
bernetics laboratory of the Institute of Higher Nervous Activity 
and Neurophysiology have presently shown, using a mathematical 
model, that apparently an intermediate potential between the AP 
and electrotonic potential might propagate in dendrites of the cen- 
tral nervous system (CNS). Our first type of functional connexiop 
between neurons is exactly the intermediate type between AP and 
electronic transmission. As is known, evidence for the possible 
transmission in the form of a gradual potential has been found also 
for the retina. 

The American investigators Schmitt, Dev and Smith (1976) em- 
phasize in the article ‘Electrotonic Processing of Information by 
Brain Cells’ that investigations of the latter day anticipate recogni- 
tion of an important role for local circuits in higher brain functions 
(Schmitt et al., 1976). Among other things, they point to a major 
rethinking on the concept that information transfer between neu- 
rons requires the spike to spread. The data of the recent years in- 
dicate that minor gradual changes in one neuron may affect the 
electrical activity of other neurons (Dowling, 1970; Ezrokhi, 1970; 
Shepherd, 1974). 

Our proposition for the third type of functional connexion be- 
tween neurons was rested on the data of Wedensky and other 
scientists about the effect and long-distance effect in the nervous 
system of a weak direct current, meaning the physiological electro- 
tone. For, consistent with the Wedensky concept, we do distinguish 
between physical and physiological electrotone. While the former 
is observable on live and dead nerves the latter is on the live nerve 
only. Consequently, speaking about the third type of functional con- 
nexion between neurons we mean properly the electrotonic effect 
similar to the effect of a weak direct current. Now it is common 
knowledge that the effect of a weak direct current on CNS can 
modify the distribution of interspike intervals. The study of the 
influence of a weak direct current (from 0 to 10-10°® A) on 
cortical and subcortical formations was the central line of research 
in a series of our works devoted to the polarization dominant. 

The second fundamental principle of the polarization electrotonic 
hypothesis for the formation of simple forms of temporary connex- 
ions reads as follows: in addition to the presence and action of 
chemical and electric local fields, there exist three types of the 
functional connexion between neurons expressed bioelectrically as 
a spreading gradual potential, a well-familiar action potential, and 
an electrotonic interaction. All the three types support the system 
of communication between neurons and participate in the forma- 
tion of the dominant and initiation of the dominant focus. 

It would be wrong to conceive of the dominant focus as a con- 
glomerate of nerve cells located somewhere in the CNS as a grey 


1. Polarization Electrotonic Hypothesis 13 


matter nucleus. We speak of the dominant focus having in mind 
the Ukhtomsky constellation, formed as a system during the organ- 
ism’s activity on all CNS levels in its different parts but with the 
primary focus of excitation in one part And with variable functions 
of individual components in the constellation. The dominant is but 
one of the stages in the functional evolution of an excitatory focus 
in the CNS. Not all excitatory foci can become dominant but only 
that which sets stationary excitation to a certain level fostering 
summation of the incoming excitations into the nervous system and 
tuning it to the optimal working rhythm for a given set of condi- 
tions, when an external stimulus, whatever its modality and site of 
excitation, is responded chiefly by that focus, while all other active 
foci are inhibited. 

In our laboratory we sought a perspective on the nature of long- 
lasting electric potentials and the likelihood of the interaction be- 
tween neurons through the medium of the extracellular field they 
set up, from a study on nerve cells of isolated crustacean receptors. 
The study has revealed that the action of non-specific alterating 
agents transforms rhythmic background activity APs into group 
discharges and prolonged Als, the continuing exposure to these 
substances causes progressive depolarization of the membrane (Ez- 
rokhi, 1967). The rhythmic discharges, prolonged APs and stable 
depolarization constitute the common reaction of neurons and their 
axons to the non-specific alterating agents. Most authors explain 
prolonged depolarizing potentials, particularly those obtained in 
the cerebral cortex, in terms of summation of the excitatory post- 
synaptic potentials, while some attribute them to the intrinsic prop- 
erties of the cell membrane itself. But because the nerve cells of 
the crustacean stretch receptors have no excitatory synapses, then 
apparently the receptor neuron reaction is due basically to modified 
membrane properties of the neuron itself. 

Thus, long-lasting depolarization of cortical neurons can be con- 
ditioned not by postsynaptic potentials alone, for stable depolariza- 
tion, which is an electrographic way of expression for stationary 
excitation, can also be attributed to modified membrane properties 
of the neurons involved. Put into a thesis form, this makes the 
third fundamental principle of the polarization electrotonic hypo- 
thesis for the formation of simple forms of temporary connexion. 

In what way does a neuron in the state of stable depolarization 
affect its neighbouring neuron? Studies have found that the reac- 
tion of the neighbouring neuron to these influences is dictated by 
its state: whether it is in an active state and generates rhythmic 
discharges or it is inactive. It turns out that stable depolarization 
of one neuron releases a significantly greater frequency of discharges 
from its neighbouring neuron (Ezrokhi, 1970). The crustacean 
ceceptors lack the bridge between neurons in the form of a morpho- 
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logical substrate; therefore, the most probable cause of influence by 
the neurons’ activity upon each other lies in the electric field ori- 
ginated during high-amplitude depolarization of either neuron’s 
membrane. . 

It is worth stressing the low-threshold sensitivity, or high ex- 
citability of the neuron discharging spontaneous rhythmical AP to 
the voltage gradient building up in the ambient solution. The quan- 
titative estimate of sensitivity of the crustacean stretch receptor 
neuron to the voltage gradient is cited by a number of authors 
(Terzuolo and Bullock, 1956; Ezrokhi, 1970). Excitability of the 
CNS neurons, judged by the index of their AP rhythm, varying 
with the effect of the external field, appears from the data in the 
literature to be even higher than that of the crustacean stretch re- 
ceptor neurons, more so if the density of neurons in the cerebral 
cortex is considered. Thus, stable long-lasting depolarization may 
stem from changes in the membrane properties of neurons them- 
selves, but, in addition, the increased activity of another neuron in 
response to stable depolarization of its neighbour suggests possible 
involvement in functional connexion between neurons of the extra- 
cellular electric field produced by the nerve cells themselves. 

Electrogenic membranes become increasingly a frontier area of 
research in contemporary neurophysiology. Until recently, the pri- 
mary focus has been on the generation and conduction of neural 
impulses displayed electrographically in the AP form. But then the 
problem of neural impulse is only a part of the more general prob- 
lem, that of the functional connexion between neurons which is 
not achieved and maintained by impulses alone. So today’s research 
on excitable membranes is characterized by a shift of emphasis to- 
ward the molecular level, a striving to gain insights into the molec- 
ular nature of the membrane processes, an inquiry into the trans- 
port of ions through membranes, an analysis of ionic channels, 
their composition and structure; and—our special curiosity here— 
the dependence of conductivity of the ionic channels on a weak 
electric field. The latter is of special interest in the context of the 
polarization electrotonic hypothesis because the rise of a simple 
temporary connexion under the dominant is likewise contingent 
upon variation of the weak electric field. | 

It has been made clear in the literature that an excitable mem- 
brane presents a non-linear ionic conductor which depends for a 
good deal of its properties on the electric field. The existence of 
two distinct conduction systems, sodium and potassium, has been 
proved and the role of the sodium and calcium channels in gen- 
erating trans-membrane input currents has been elucidated with a 
new set of methods (Kostyuk et al., 1976). 

Lately, a new class of substances has been discovered, called 
ionophors, which can alter dramatically the electrical properties 
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of membranes. In their presence membrane conductivity shoots sev- 
eral orders upwards (Markin and Chizmadzhiev, 1974; Ovchinni- 
kov et al., 1974). Ionophors themselves are needed in minor quan- 
tities. Their only involvement is to trafisfer other ions across the 
membrane, this conductivity being selective. The chemical sub- 
stances dissolved in the intercellular fluid may be influenced by the 
electric field so as to take on the role of ionophors. The conducting 
structures of biomembranes operate essentially as channels and, in 
the general estimate, there are hundreds of Na channels per one 
um’. The nature of the ionic channels is perceived in a number of 
ways. Some authors contend that ionic channels are not pre-exist- 
ent in biological membranes so the increasing conductivity with 
depolarization has to do with their assembly. A wider accepted no- 
tion says that the channels are pre-existent and represent a macro- 
molecular system with an ability for conformational readjustments. 
Examination of the conductivity of channels as a function of the 
electric field leads one to believe in their restructuring once there 
is a change in the external electric field. This runs parallel to alter- 
ation of their ionic permeability as caused by a variety of reasons 
that are not clearly understood at present. Some of the probable 
causes include conformational changes in the system of channels, 
their ‘opening’ or ‘closing’, and a reorganization of the channels’ 
molecular geometry. 

Facts bearing directly on the formation of the dominant focus 
cannot be attributed solely to the changes taking place in the neu- 
ronal membrane. The effect of anodic polarization is not confined 
to the local alteration of the membrane potential, it affects imme- 
diately also other structures of the cortex and subcortical formations. 
The focus of excitation in the cortex, set up by direct current, pos- 
‘sesses certain histological and histochemical characteristics. The 
shift occurs not in the pyramidal cells alone, but also in the inter- 
neurons and glial cells (Brazovskaya and Pavlygina, 1972). Differ- 
ent cortex elements respond as a single functionally organized 
ensemble, or a system. The incorporation of various elements into 
the system is differentiated with respect to time. 

The expression of a long-lasting trace effect following cortex pol- 
arization cannot be related to the alteration of the membrane poten- 
tial, known to return practically at once to the initial level once the 
direct current is switched off. 

What is then the type of connexion or signalization between neu- 
rons that is meaningful and essential for the connecting function 
and the formation of temporary neural connexion? This is the hy- 
pothesis we have found sufficiently justified to merit acceptance: 
the type of connexion between neurons in the form of electrotonic 
influences is the most essential one for the formation of temporary 
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connexion (Rusinov, 1953a; Rusinov, 1953b). As a corollary, the 
extracellular field bringing electrotonic influences to bear on the 
system of neurons can actively establish and sustain the optimal 
state of two separate cortical points and, presumably, initiate a uni- 
fied adequate response to the stimulation, enabling an indifferent 
stimulus for a particular activity to become a signal one and re- 
place an unconditioned stimulus. 

The type of connexion in the form of an electrotonic influence is 
the one most similar in character to the action of direct current. 
Consequently, if a direct current applied through a point electrode 
placed at the forelimb representation point of the rabbit cortex 
fails to produce by itself any effect on the periphery but changes 
exclusively the state of the given cortical site (the second, reference 
electrode is located on the nasal bone or ear) then, if the hypothe- 
Sis is true, an ‘interconnection’ should come up between the two 
excitation foci and the forelimb would contract in response to light, 
for example. 

The experiments to validate the hypothesis were first reported at 
the 19th International Congress of Physiologists (Rusinov, 1953a) 
and then amply confirmed in the series of studies accomplished in 
our and other laboratories. Their detailed discussion is in the mono- 
graph (Rusinov, 1973). For now we shall abstract for discussion 
only the data most immediately bearing on the problem in ques- 
tion—the polarizational electrotonic hypothesis for the formation 
of simple forms of temporary neural connexion. 

To produce a dominant focus in the cerebral cortex, an anode 
of weak direct current was employed. Why the direct-current an- 
ode? Let us review in brief the effect of the direct-current anode on 
the nervous system. The well-known Pflueger’s law regarding the 
action of direct current and the excitation said to come from the 
cathode holds true only for peripheral nerves and moreover in their 
normal, and not altered state. Ever since the times of Sechenov 
(1882) it has been known that for the medulla oblongata exposed 
to a direct current excitation originates from the anode. One is like- 
wise familiar from the literature with the experience of Fritsch and 
Hitzig (1870) who were the first to stimulate the motor cortex in 
man but who could obtain a motor effect only on stimulation with 
the direct current anode. Vinogradov (1914- 1915) was the first to 
show that the function of conductivity in an altered nerve seg- 
ment that had once lost it, could be re-established by exposure to 
the anode of a weak direct current, This restorative anode effect 
was subsequently detailed by a number of researchers (Rusinov, 
4934; Narahashi, 1964; Vasiliev, 1924). If there is not one but 
several altered parts in the way of an impulse run in the nerve it 
is sufficient under these conditions to act with the anode upon the 
first of the parts along the impulse run to reinstate conductivity 
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in the whole nerve. It is sufficient, moreover, to apply the anode of 
a weak direct current of optimum intensity to the topmost portion 
of the first part or even only its input in order to obtain a fully re- 
stored conductivity in the entire nerve (Rusinov, 1930). If, in agree- 
ment with Wedensky, one considers the altered nerve length to 
be a model of the nerve cell then the working hypothesis to arrive 
al, by way of logical inference, is that the weak direct current 
anode of optimal intensity rebuilds cell conductivity through its ac- 
tion on both, the presynaptic and postsynaptic neuron input. 

A study of the ultrastructure of axosomatic and axodendritic 
svnapses of the motor cortex of a rabbit has put together the no- 
lion of the polarization dominant as a near-physiological phenom- 
cnon, whereas the changes thus identified in the ultrastructure of 
the synapses fit into the mold of functional alterations. Analytical 
treatment of the results obtained showed a statistically significant 
increase in the number of the synapses with a large quantity of 
synaptic vesicles in the lower layers of the motor cortex. The data 
reveal increasing functional activity of the synapses in the domi- 
nant focus (Artyukhina and Ryabinina, 1972). Further electron- 
microscopic investigation made it clear that the increasing function- 
al activity of the synapses was accompanied by changes in both, 
the presynaptic and postsynaptic, components of the axodendritic 
synapses; it is in the postsynaptic matrix,, however, that the reac- 
tion was most in evidence under the motor dominant. Here, more- 
over, some difference began to take shape between the simple reac- 
tion of summation and the dominant. In the latter instance the 
‘thickening’ of the postsynaptic membranes was more pronounced. 

These changes will be reviewed below in the light of the electro- 
physiological data available in the literature and those obtained in 
our laboratory, in terms of the polarization electrotonic hypothesis 
for the formation of simple temporary connexions. 

A direct current in the initiation of the polarization dominant 
affects primarily, if only dissimilarly, all the elements of the mo- 
tor cortex within the borders of the electric field produced by it. 
This effect becomes apparent as a change of the animal’s functional 
state and ultrastructural variations suggestive of an increase in 
synaptic activity. What kind of synaptic activity are we talking 
about? It is the activity of the synapses driving chemical transmis- 
sion of neural impulses. Yet we are now aware of the so-called 
electric synapses to be found both in lower vertebrates, and in the 
invertebrates as well. In the electrical synapses there is no chemi- 
cal transmitter secretion. Besides sites have been discovered in the 
cerebral cortex, in which dendrites with dendrites might conduct. 
It was previously held that dendrites never appeared in the capac- 
ity of a presynaptic component. The classical conception of one- 
way conduction in the central neuron with regard to the dendrite 
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as only a receptor structure needs to be updated now. For the dend- 
rite has been shown to be not merely the receptor structure upon 
which postsynaptic components are organized, it may be also a 
presynapse transforming information to other neurons through den- 
drodendritic synapses. In particular, dendrite-formed pre- and post- 
synaptic components were detected in the olfactory bulb (Rall et 
al., 1966). So far this type of dendrodendritic synapses have been 
found only in the olfactory system but there is no denying their 
likely existence, as also of electric synapses, in other CNS regions, 
the cerebral cortex among them. The polarizational electrotonic hy- 
pothesis suggests their presence mainly in the upper cortical layer, 
the assumption prompted by the following considerations. 

The lower layers of the cortex seem to be more important not at 
the moment of effective communication via a temporary connexion, 
but when traces are in the making and the already elaborated con- 
nexion is to be sustained. As the surface of the motor cortex in the 
rabbit is stimulated by pulsating current at a certain rhythm, the 
rabbit responds to uninterrupted light or sound stimulation with 
the proper limb movements at the rhythm equal to the current pul- 
sation. When the rhythm of the pulsating current has been modi- 
fied in the same experiment, the upper cortical layers, so far as can 
be judged by the proper EEG and the data of its frequency analy- 
sis, assimilate the new rhythm, yet the rabbit responds to the unin- 
terrupted stimulus with limb movements at the previous, and not 
the new rhythm (Pavlygina and Pozdnyakova, 1960). These find- 
ings indicate that the deeper-lying cortical structures maintain 
longer the old rhythm (and at that very rhythm the impulsation 
reaches the effector) than do the structures that experience the im- 
mediate effect of direct current at a given moment, from which the 
EEG is being recorded. 

The form of the electric field in the rabbit cortex was then stud- 
ied using the methodology accepted in our laboratory for the ini- 
tiation of the polarization dominant. It transpired that with a su- 
perficial polarization across the pia mater the field was flattened 
and the isopotential lines extended along the surface of the cortex 
(Egorov and Kuznetsova, 1972). The effect was apparently as much 
a result of the current spread over the cortical surface through the 
fluid film, as it was also of the complicated geometry of the brain 
cortex and unequivalent conductivity of the latter’s structures. The 
potential gradient was maximal in the superficial layers but below 
them the potential decrement was more smooth. Thus the study 
of the form of the electric field under the polarization dominant has 
shown that the area of the maximal potential gradient coincides 
with the first cortical layer. Hence it follows also, as a logical con- 
clusion from the polarization electrotonic hypothesis, that the up- 
per cortical layer is the most likely locus for the existence of electric 
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synapses varying their function under the simple form of tempo- 
rary connexion, more particularly the latter’s model in the form 
of the polarization dominant. 

Interestingly, contacts of the electric syftapse type present actual- 
ly as an astrocyte-dendrite membrane junction, i.e. glio-dendritic 
synapses, were discovered by Artyukhina and Ryabinina who studied 
ultrastructural changes in the upper cortical layers of the rabbit 
brain under the polarization motor dominant. The same study dis- 
covered desmosome-like, glio-dendritic and dendro-dendritic con- 
tacts. 

These phenomena have been found out using superficial cortex 
polarization with a weak direct current that evokes the dominant. 
Now one can understand the difference seen by some authors be- 
tween polarization of the rabbit motor cortex surface and single 
cortical neurons, when the superficial polarization has been the 
more effective. These data, along with some other, testify to the 
functional importance of an electric field in producing the simple 
form of temporary connexion. 

As a working hypothesis supported by some known facts, it is 
possible to state the following: in cortex polarization with direct 
current and the rise of the polarization dominant as an alternate 
simple form of temporary connexion the lower cortical layers be- 
come a scene of essentially biochemical shifts in chemical synap- 
ses, the wpper layers a scene of changes primarily in electric syn- 
apses and the entire cortical mass a scene of alterations in the 
ionic mechanisms of the electrogenic membranes. 

The polarization electrotonic hypothesis treats the polarization-in- 
duced changes on cell membranes only as a primary stage in the 
mechanism for the formation of the simple forms of temporary con- 
nexion. After that organization of the dominant system begins to 
engage the structural and biochemical shifts triggered in the corti- 
cal structural elements by long-lasting electrotonic influences. 

The fourth fundamental principle of the polarization electrotonic 
hypothesis reads: the electrotonic type of interaction in cortical 
neurons influences is key determinant in the formation of simple 
forms of temporary connexion. 

In the literature it is usual to distinguish between electrotonic 
influences which demand an appropriate structure for their 
transfer and the influence of electric field. This question re- 
quires special treatment. For the moment it is worth stressing that 
both influences are gradual non-impulse types of CNS influences 
classified with non-linear processes. Clearly, the functional elec- 
trotone is a case in point, with its influence over some distance and. 
perhaps even with a long-distance effect in the CNS. 

The facts covered in the previous sections favour the polariza- 
tion electrotonic hypothesis because they are more easy to explain 
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by reference to the mechanisms of the electrotonic interactions sim- 
ilar to the action of direct current, because some of them relate 
to extrasynaptic influences, and because the influences of electric 
field fall into their category. 

What is it, then, that in the natural conditions of animal life, 
and not in laboratory experiments, plays the role similar to the 
cortex polarization with a direct current, the role of the ‘initiator’ 
of the dominant focus? To that question the literature replies in a 
number of ways. Ukhtomsky singled out a gradually subsiding 
electrical skin stimulus for being especially favourable to the initia- 
tion of the focus in the motor cortex, the concept reconfirmed in 
our laboratory (Ukhtomsky, 1950; Grechushnikova, 1962). Humor- 
al factors may well provide the organizing force for the dominant 
focus (Uflyand, 1925). One may concede the validity of Rabino- 
vich’s proposition for the importance of polysensory neurons in the 
‘trace-coupling’ mechanism in conditioning. Of particular interest 
in this regard is the rise of a depolarization analogous to the dom- 
inant focus, brought about by long-lasting proprioceptive stimu- 
lations (Voronin, 1966; Rabinovich, 1975). Overall these findings 
give legitimacy to the idea of dominant foci of the polarization 
electrotonic character arising in natural conditions. 

Of the late years, a large number of studies have been collected 
in the literature indicative of slow gradual potentials present not 
only in animal but human CNS as well. Thus the essential role 
of the electrotonic processes for brain functions is established fur- 
ther. And, while a review of these studies is beyond us in the pre- 
sent paper, the fact itself gives credibility to possible emergence in 
nature of such gradual electrotonic potentials, which mirror the 
lengthy processes fostering the initiation and maintenance of 
dominant foci. 
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2 Some Neurochemical Correlates 


of Learning and Memory 


R. I. Kruglikov, p.sc. ( Med.) 


Current conceptions on the neurochemical support of 
learning and memory processes assign a key role there to diverse 
kinds of neuromediatory effects and the allied metabolic changes 
in nucleic acid and protein macromolecules, and also to neuropep- 
tides. Greater in-depth understanding of the neurochemical bases 
of learning and memory calls for specifying the role and clarifying 
the participation mechanisms of the factors just mentioned in the 
integrative activity of the brain. 

This general concept provides an initial theoretical assumption in 
researches by scientists at the laboratory of neurochemical mecha- 
nisms of. conditioned reflex. The major methodological principle 
of the research, physiologo-biochemical correlations, translates into 
studies focusing on two types of influences—those that learning 
and memory processes have upon cerebral metabolism and those 
that guided interventions into cerebral metabolism have on learning 
and memory processes. It is through the use of these and some 
other, less general, approaches that factual data have come to 
hand taking one step further towards refining and updating the pre- 
sent ideas about the neurochemical mechanisms of learning and 
memory. 

To appreciate the role of cholinergic and cholinoreactive cerebral 
mechanisms in these processes the widely used method is estima- 
tion of acetylcholinesterase (AChE) activity in cerebral structures 
at different stages in the development and maintenance of condi- 
tioned reflexes. Another line of research dealt with is how these 
processes are influenced by the blockade of cholinoreceptors. The 
studies completed to date have suggested that the formation and 
subsequent consolidation of conditioned reflexes cause lawful changes 
of AChE activity in the sensomotor and visual cortex and hip- 
pocampus. The thrust and extent of these changes depend on the 
type of the reflexes being formed, their degree of stability and the 
time span between the termination of functional load and the in- 
vestigation of AChE activity (Table 2.1). 

If analysed, the tabulated data reveal a number of essential 
points. When a defensive conditioned reflex has barely been elabo- 
rated, the AChE activity of the sensomotor cortex and hippocampus 
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Table 2.1. Activity of Acetylcholinesterase (AChE) in Rat 
Brain in the Development and Consolidation of Defensive and Feeding 
Conditioned Reflexes (Experiment) and with Unpaired Presentations 
of Stimuli (‘Active Control’) in Percent to Passive Control 


ve oneeee Visual cortex Hippocampus 
Group Type of 
of Animals Condition- 
ed reflex Active Active Active 


Exper. control Exper. control Exper. control 


Decapitation defensive 80.50¥ 145.75* 99.15 114.40 76.94 103.96 
ae tana feeding 144.57* 141.69* 129.46 164.45* 114.26 82.69 
St tria 

Decapitation defensive 118:44 107.91 102.75 68.50* 114.16 82.90 
in 24 hrs after feeding 68.62* 88.69 70.37 91.66 99.26 92.61 
the Ist trial 

Decapitation defensive 82.20* 117.69 80.86 109.56 75.06* 78.76 
right after the feeding 68.85* 84.42* 66.93* 80.00 75.59 88.18 
20th trial 

Decapitation defensive 108.07 99.03 102.75 93.80 87.35 67.34* 
24 hrs after feeding 69.94* 84.30* 74.95* 91.20 99.40 91.44 
the 20th trial 


* P< 0.05. 


decreases. Conversely, immediately upon the conditioning of a feed- 
ing reflex AChE activity increases in the sensomotor and visual 
cortex, and the hippocampus. In the 24 hours after the reflexes 
were developed the thrust of the shifts changes to the opposite: the 
decreased AChE activity just after the conditioning of defensive 
reflexes will have grown by that time, and the increased activity 
immediately following the conditioning of feeding reflexes will have 
dropped. 

AChE activity changes followed a somewhat different pattern af- 
ter the stabilization of conditioned reflexes was accomplished in a 
series of 20 experiments. As seen from the data in Table 2.1, the 
AChE activity of the sensomotor and visual cortex and hippocam- 
pus declined shortly after the 20th experiment in the stabilization 
of the defensive conditioned reflex, only to shoot again 24 hours 
later. But, after the 20th experiment in the stabilization of feeding 
conditioned reflex AChE activity, as contrasted to what it had been 
just after the 1st experiment, decreased and remained low until 
24 hours after experiment. 

Unpaired stimuli presentations, as is clear from Table 2.1, also 
result in fairly pronounced changes of AChE activity. Furthermore, 
the unpaired presentations of light and electrical skin stimuli pro- 
duce shifts for the major part opposite in direction to the shifts 
brought about by the development of the defensive conditioned re- 
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flex. The shifts of AChE activity in response to unpaired presen- 
tations of light and food stimuli are of a somewhat different char- 
acter. In the initial experiment, AChE activity in the sensomotor 
and visual cortex of the animal group comprising the active con- 
trol (AC) rises and the shift that occurs is of the same direction 
as in the development of conditioned reflex. One day after the ini- 
tial experiment, as also immediately and one day after the 20th 
experiment, shifts of AChE activity in the cerebral structures of 
the AC group animals appear to be essentially identical in charac- 
ter to those observed in the conditioning of the motor-feeding re- 
flex. 

One of the probable causes for these differences is that in the 
defensive situation elaboration of the escape or avoidance condi- 
tioned reaction terminates or prevents the painful stimulation if 
certain motor reactions have been carried out. In the case of un- 
paired stimuli presentation, however, the animals experience pain- 
ful stimulation, whether or not the light is on or particular 
responses have been made. 

In the feeding situation somewhat different relations are obtained, 
as required by the experimental procedure: the animals obtain food 
both during conditioning and on being presented with unpaired 
stimuli. In the assessment of the dynamics of AChE activity 
shifts in animals to whom both light and electrical skin stimula- 
tions were presented without pairing, one must bear in mind a- 
whole range of relevant factors including the extinction of the orien- 
tation reflex and development of the defensive reflex to the situa- 
tion. 

The fact that the AChE activity changes in the cerebral struc- 
tures have been observed, in particular, after the 20th experiment 
in the stabilization of the defensive conditioned reflex leads to 
thinking of these changes as being conditioned in nature. The rea- 
son for the supposition comes from the stability with which the 
avoidance reflex to light was displayed by the test animals by the 
20th experiment, though they had no electrical skin stimuli applied 
in the first few experiments. 

A special series of experiments failed to detect any difference in 
terms of AChE activity in the sensomotor and motor cortex and 
hippocampus one month after the conditioning of a defensive reflex 
between the test animals and the control exposed to the action of 
unpaired stimuli. One could thus assume that the conditioned re- 
flexes persisted not because of the retained AChE activity changes 
after their development, but because of the reactivity changes in 
the cholinergic cerebral mechanisms relative to the signal (con- 
ditioned) stimuli. 

To check the assumption steps were taken to form the defen- 
sive conditioned reflex in the test animals; meanwhile the animals 
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in the AC group were presented with an appropriate amount of 
unpaired light and electrical skin stimulations. Then the AChE 
activities of the cerebral structures were estimated one month post- 
training, and the retention of the reflexeéS was verified in some of 
the test animals before decapitation by relearning them. The corre- 
sponding AC animals were presented with light and electrical skin 
stimuli out of pairs. The results of the experiments are summarized 
in Table 2.2. 


Table 2.2. AChE Activity of Sensomotor and Visual Cortex 
and Hippocampus in Trained Rats and Active Control (per uM of 
hydrolysed acetylcholine (14 mg protein/min) 


Variant Animal group ee ee AE otet Hippocampus 
No light and elec- Active 0.589+0.150 0.560+0.122 3.502+0.578 
troskin stimuli control 
presented Experiment 0.560+0.147 0.471+0.044 2.927+0.354 
Light and electro- Active 0.537+0.110 0.550+0.138 2.852+0.530: 
skin stimuli pre- control 


sented Experiment 0.251+0.037* 0.268+0.045* 2.106+0.419 


* P< 0.05 as compared with active control. 


As shown in Table 2.2, the relearning of conditioned reflexes in 
trained animals induces a dramatic lowering of AChE activity in 
the sensomotor and visual cortex, whereas in the AC ani- 
mals repeated presentations of unpaired stimuli left AChE 
activity unaltered. This supports the view that reflex condi- 
tioning does alter the reactivity of the cholinergic brain mecha- 
nisms. The altered (increased) reactivity is retained after the con- 
ditioning and provides one of the mechanisms sustaining the cor- 
responding engram (temporary connexion). This conclusion is in 
line with the well-known hypothesis by Deutsch (1971). It has 
prompted amongst other things, an experimental series concerned 
with assessment of variations of ACh sensitivity in the neurons of 
the sensomotor cortex in the rabbit in defensive reflex (to sound) 
conditioning and extinction. 

A study carried out by this author in collaboration with Kosh- 
toyantz and Valtsev showed the neurons in the sensomotor cortex 
of a rabbit to become high ACh-sensitive once they become in- 
volved in the production of temporary connexion. The neurons’ re- 
sponses to micro-ionophoretic ACh application is lawfully potentiat- 
ed to be well above the initial ACh responses of these neurons 
and of those neurons which do not change their activity despite 
stimulus pairs presented to them (Fig. 2.1). This evidence, along 
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with the earlier obtained data by Schmidt et al. (1974), confirms 
the assumption for changes in the chemoreactive properties of 
neuronal membranes, particularly their increasing ACh sensitivity, 
to be the basic cause for the formation of temporary connexion 
(engram). Additional support for the same assumption comes from 
the observed reduction in ACh sensitivity of most neurons in con- 
ditioned reflex extinction. Though most neurons decrease their ACh 
sensitivity (Fig. 2.1, C) some of the neurons do not—rather they 
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Fig. 2.14. Changes in responses of sensomotor cortex neurons to 
microionophoretic application of acetylcholine (ACh). 


A—ACh response prior to reflex conditioning; B—same, after the condition- 
ing; C—same, after extinction of the conditioned reflex. 


maintain the previous above-normal level or even push it up fur- 
ther (Fig. 2.2). It is most likely that the neurons with steadily in- 
creasing ACh sensitivity are those most immediately related to the 
maintenance of temporary connexion by virtue of being the latter’s 
constituents. One essential aspect concerns the less pronounced char- 
acter, overall, of the changes in the reactions of cortical neurons 
to microionophoretic glutamate application during the formation 
and extinction of the conditioned reflex. Largely, the changes were 
confined to the structure rather than the intensity of those reac- 
tions, as can be seen from Fig. 2.3. 

One cannot help noticing, in particular, the rise of an after-effect, 
following the end of the glutamate application, in the neurons that 
have changed their activity (Fig. 2.3, B). The fact is the more 
noteworthy because the absence of any after-effect, that is, the re- 
establishment of the initial activity right after the microionophoretic 
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Fig. 2.2. Potentiation of responses by sensomotor cortex- neurons 
to microionophoretic application of acetylcholine (ACh) after extinction of 
conditioned reflex. Symbols are the same as in Fig. 2.1. 
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Fig. 2.3. Averaged responses of sensomotor cortex’ neurons to 
microionophoretic application of L-glutamate before (A) and after (B) con- 
ditioning. 

The ordinate is the number of impulses during 10 sec; the abscissa is time in sec. 
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application of the amino acid is halted (Fig. 2.3, A), is an extreme- 
ly common characteristic of glutamate in the norm. There is a 
high probability that postconditioning readjustments in the che- 
moreactive properties of the ‘trained’ neurons’ membranes also con- 
tribute to the changes in the reactions to glutamate. 

Another line of research designed to shed light on the specific 
involvement of the cholinergic brain mechanisms in learning and 
memory processes explored the influence of the blockade of ACh 
receptors upon the processes. In the course of this research, the 
blockade of the ACh receptors by benactizine or scopolamine was. 
found to produce only moderate disturbances in the learning pro- 
cess, but to grossly violate the fixation of temporary connexions, 
causing amnesia. The kind of amnesia brought about in mice by 
2.0 mg/kg of scopolamine is easy to eliminate with a ‘reminder’. 
Yet the increase of the scopolamine dose to 5 mg/kg renders the 
‘reminder’ totally ineffective, suggesting that perhaps the blockade 
of the ACh receptors holds down the effectiveness of the consolida- 
tion process until it is fully suppressed. In sum, the above data 
lead one to conclude the participation of both cholinergic and chol- 
inreactive cerebral mechanisms in the development of temporary 
connexions and their fixation, too. 

The ways in which monoaminergic brain systems become part of 
learning and memory processes were investigated by studying the 
influence of guided interventions of the systems’ activity upon the 
elaboration and retention of temporary connexions. The studies 
completed, it became evident that pharmacological or surgical in- 
terventions in the activity of serotoninergic and catecholaminergic 
cerebral mechanisms affect dissimilarly the formation and fixation 
of temporary connexions. To let serotonin (95-hydroxytryptamine, 
or 0-HT) build up in the brain, monoaminoxydase (MAO), a mono- 
amine-splitting enzyme, had to be suppressed and iprazide had 
to be used for the purpose. After that, the serotonin excess was 
seen to produce a rather peculiar effect: the conditioned reflex of 
passive avoidance (CRPA) that had been elicited with excessive 
brain 5-HT in the background persisted in rats for a few dozen 
minutes whereafter deep and stable amnesia set in (Fig. 2.4). CRPA 
retention in the 15 minutes after the conditioning and the advent 
of stable amnesia one hour after the conditioning lend themselves 
to three important conclusions: (1) reflex conditioning with an 
excess brain 5-HT in the background is distinctly possible; (2) an 
excess 5-HT in the brain does not preclude the reproduction of 
the engram (temporary connexion); and (3) information storage 
mechanisms in the brain are relatively stable, at early phases, to 
excess 9-HT. It thus follows that the process of information trans- 
fer from short-term into long-term memory, or the process of consol- 
idation, is the ‘point of attack’ for the excess brain 5-HT. This in- 
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ference found confirmation in 5-HT studies with a broad spectrum 
of conditioned reflexes with due regard to the parameter of age and 
individual characteristics of test animals. 

One particular finding indicated an Increasing 5-HT content in 
the hippocampus with ageing and its accompanying reduced effi- 
ciency of the consolidation process. A related finding indicated that 
the variation of 5-HT content in the brain of old animals with re- 
flex conditioning has a different character than in young animals. 
These data were otbained by the authors, Getzova and Unial, from 
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Fig. 2.4. Dynamics of retention of CRPA elaborated against the 
background of excessive serotonin in the brain. Unhatched columns denote 
control and hatched ones denote experiment. The upper curve shows the dy- 
namics of serotonin content in the brain. 


a study on rats of two age groups: old, from 15 to 18 months; 
and young, aged 8-10 weeks. The 5-HT content was successively 
estimated in the brain of non-trained animals and also in animals 
right after and 7 days past the conditioning of the defensive reflex. 

To equalize the reflex-conditioning settings for the young and 
old animals, both were presented in a Y-shaped maze with 50 com- 
binations of light and electrical skin stimuli, and the number of 
correct responses—escapes and avoidances—were recorded. 

As is clear from Table 2.3, the hippocampal 5-HT content of the 
old rats is significantly and reliably higher (P < 0.05) than that 
of the young rats. For the other structures under investigation, that 
is, the hemispheres (minus hippocampus), diencephalon, midbrain 
and medulla, the old animals exhibited lower 5-HT content than 
the young ones. Conditioning influenced all the examined brain 
regions by depressing the serotonin content in the young animals 
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and, conversely, elevating it in the old. After seven days post- 
training the serotonin content in the brain of the young animals 
largely returns to normal, but in the older animals it still remains 
significantly and reliably above normal. 

The result is an altogether different relation between the respec- 
tive serotonin concentrations in the cerebral structures of the 
old and young animals right after and seven days post-training 
than it is in the brain of untrained animals, in whom the serotonin 
content in all structures is higher for the old than for the young 
animals. Following the conditioning of defensive reflex, the hippo- 
campal serotonin content decreases by 34 per cent in the young 
animals and remains almost level in the old ones. The decrement 
of the serotonin content in the other structures is within 12 to 27 
per cent for the young animals and its increment ranges from 43 
to 03 per cent in the brain of the old animals. 

This indicates that, in the old animals, training fails to reduce 
the hippocampal serotonin content as it does in the young animals, 
whereas in the other cerebral structures the shift in the old animals 
is twice that of the young ones. 

It is generally known that the role presently ascribed to the hip- 
pocampus is as one of the primary links in the mechanism of infor- 
mation transfer from short-term to long-term memory. Our findings 
regarding the rise of the serotonin content in the hippocampus of 
the old animals, in whom the consolidation process has a reduced 
effectiveness, can lend additional support to the proposition that 
excessive serotonin has an adverse effect on consolidation. It 
should be pointed out, on the other hand, that conditioning in old 
animals is attended by an increase, and in young ones by a de- 
crease in the brain serotonin content. It is probable that the initial 
excess of serotonin in the hippocampus and the increasing content 
of this monoamine in the other cerebral structures with condition- 
ing predetermine the decreasing efficiency of the consolidation pro- 
cess in the old animals. 

The apparent ‘rigidity’ of the shifts in serotonin concentrations 
in the brain of the old animals as affected by conditioning is also 
noteworthy. Table 2.3 illustrates that a week after the reflexes were 
conditioned the content of serotonin in cerebral hemispheres and 
the midbrain, diencephalon and medulla oblongata of the old ani- 
mals remained elevated. By that time the serotonin content in the 
young individuals had returned to its initial values. 

In a special series of experiments on young animals the retention 
indices of developed conditioned reflexes were compared against 
the 5-HT content in the cerebral structures involved. The compari- 
sons revealed a confident inverse correlation of the 5-HT content 
in the hippocampus, midbrain and medulla oblongata with the re- 
tention index of conditioned reflex within 7-10 days post-condition- 
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ing. The data, even though they suggest some 5-HT involvement 
in the consolidation process, were nevertheless of an indirect charac- 
ter and clearly in need of direct experimental support. Such direct 
supporting evidence for the negative effect of excess 5-HT in the 
brain upon the consolidation process could derive from incidents of 
amnesia that develop in animals because of an excess of 9-HT im- 
mediately after, and not prior to, training. 

Such data were gained by Essmann from intra-hippocampal 
O-HT injections immediately following CRPA conditioning in mice. 
But, aware that even point lesions of the hippocampus after train- 
ing are able by themselves to cause amnesia, we adopted another 
approach to increasing 9-HT content in the brain. This was by in- 
travenous injection of 5-hydroxytryptophane (9-HTP), the 9-HT 
precursor, easily passing through the haematoencephalic barrier. It 
has thus been found that a 5-HTP injection before CRPA condi- 
tioning drastically impairs its retention capacity 24 hours later; 
.O-HTP injection right after CRPA conditioning also worsens reten- 
tion but only slightly (insignificantly); and a 5-HTP injection one 
hour post-training has virtually no effect. The most probable cause 
for the lack of effect from the 5-HTP injection immediately after 
training lies in relatively delayed 5-HT buildup in the brain. 

Consolidation is known to be maximum-sensitive to the effect 
of amnesia-causing agents in its very early stages. In the case of 
the 5-HTP injection immediately after training these stages will 
have run out even before 5-HT has time to synthesize in the brain 
from 5-HTP in ‘sufficient’ amounts. To test the assumption re- 
quired the consolidation process to be slowed down somehow, so that 
its very early and most vulnerable stages be exposed to the effect 
of the 5-HT accumulation in the brain. Decrease of the brain tem- 
perature is generally recognized as being one of the ways to 
achieve artificial deceleration of the consolidation process. 

With this in mind, in the experimental series that followed 
5-HTP was injected in combination with cooling exposure of the 
test animals. Because of the necessity to slow down the very early 
consolidation stages, that came following the reflex conditioning 
within a brief interval, the aminals’ cooling had been completed 
prior to the conditioning. In the belief that the slowing-down rate 
of the consolidation stood in proportion to the extent of the ani- 
mals’ cooling exposure, the latter was employed in the experiments 
in two gradations, keeping the animals respectively at +5°C and 
—7°C. The next step after the cooling consisted of CRPA condi- 
tioning in the animals, followed by intravenous injection of 5-HTP 
or physiological solution. The results are presented in Table 2.4. 

As distinct from the post-training 5-HTP injection in ordinary 
conditions, the 5-HTP injection after cooling and training leads to 
pronounced amnesia whose severity was the greater, the harsher 
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Table 2.4. Influence of Cooling Exposure and 5-HTP In jection 
at 100 mg/kg upon CRPA Retention in Mice 


Time of st@y in ‘safe’ compart- 
ment, sec 


Group of animals! 


Initial experi- Retention check- 


ment out re hrs 
1. 5°C 30-min exposure, CRPA con- 
ditioning, injection of physiolo- 
gical solution (n= 46) 38 .80+3.78 300 
2. 59°C 30-min exposure, CPRA con- =< 0.05 
ditioning, injection of 5-HTP 
(n = 37) 43.2044.15 200 (66.6)? 
3. —7°C 5-min exposure, CRPA con- 
ditioning, injection of physiolo- 
dical solution (n = 28) 32 .20+3.52 207 
4, —7°C 5-min exposure, CRPA con- < 0.05 
ditioning, injection of 5-HTP 
(n = 26) 34.30+4.05 102 (39.7)2 
5. CRPA conditioning, injection of 
physiological solution, . —7°C 
5-min exposure (n= 23) 31.20+5.02 300 
6. CRPA conditioning, injection of > 0.05 
o-HTP, -—7°C Smin exposure 
(n = 20) 38 .20+3.73 245 (81.6)? 


1n=number of animals, 
2 ratio to corresponding value in control, %%. 


the cooling exposure. To appreciate this principal result of the ex- 
periments it is essential to consider several important points. To 
begin with, there is the fact that the cooling exposure per se hin- 
ders neither CRPA elaboration nor its subsequent retention. Table 
2.4 makes it clear that the time of stay in the ‘safe’ compartment 
of the apparatus for the animals unexposed to cooling prior to the 
CRPA conditioning (groups 5 and 6) and those exposed to pre- 
cooling was 31-38 and 32-43 seconds respectively. Since the time 
of stay in the ‘safe’ compartment of the apparatus in the initial 
experiment is commonly regarded as a characteristic of CRPA elab- 
oration, it may be stated that, overall, the cooling exposure virtual- 
ly did not affect the reflex conditioning. Nor did the cooling expo- 
sure, whether before or after training, affect the CRPA retention. 
The retention index for the corresponding groups of control ani- 
mals, as suggested by Table 2.4, was 257-300 seconds, practically 
equivalent to the unexposed control animals. 

However, while the cooling exposure applied singly failed to in- 
fluence the CRPA retention, it did induce amnesia if used in com- 
bination with a 5-HTP injection. Moreover, the injection of one 
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and the same 0-HTP dose of 100 mg/kg’ caused more deep amnesia 
in the animals kept at —7°C (their retention index being 39.7 per 
cent of control) than in those kept at +5°C (their retention index 
being 66.6 per cent of control). The perceived relationship between 
the depth of amnesia in the animals versus their extent of cooling 
may be viewed as an argument in favour of the notion that 
it is cooling exposure, rather than any other factor, which has the 
most essential role in the causation of amnesia, along with the 
O-HTP injection. 

It is thus concluded that an excess 5-HT, when set up in the 
brain after training, interferes in a very real sense with the con- 
solidation of temporary connexions. With a reduction in the brain 
O-HT content, either by way of suppressing its synthesis with 
parachlorphenylalanine (PCPA) or by destruction of the midbrain 
raphe nuclei, the consolidation of temporary connexion is likewise 
disrupted, but under these conditions the disturbances of the con- 
solidation process are, on the whole, not so severe as with the 
excess 0-HT in the brain. Overall, the research results thus ob- 
tained make it reasonably obvious that there exists a range of 5-HT 
concentrations in the brain necessary to permit the full-scale pro- 
cess of consolidation. Going beyond that range, especially towards. 
higher 5-HT concentrations in the brain, violates the consolidation 
process and triggers the development of amnesia. 

A special series of experiments, among them some conducted by 
our associate, Getzova, together with Vetzel and York from the 
Magdeburg Medical Academy’s Institute of Pharmacology and Tox- 
icology, GDR, reported an essential role for 5-HT in the regula- 
tion of protein synthesis and content in cerebral structures. In vivo 
and in vitro studies established an inhibitory influence of an ex- 
cess 0-HT on protein synthesis in the hippocampus. With the aid 
of the methodology of cytointerferometry, it has been possible to 
discover that given an excess 0-HT in the brain, the change of pro- 
tein content in the motor-cortex and hippocampal neurons takes 
a course directly opposite to that associated with training. Analy- 
sis of the research findings has identified a pattern of selectivity in 
the 5-HT-caused disturbances of protein metabolism that bear more 
immediately on learning and memory processes (brain-specific pro- 
teins, proteins of synaptic structures, protein receptors, etc.). 

Presumably, this is the way 5-HT actually participates in the 
consolidation process. 

Changes of catecholamine content in the brain are also a report- 
ed cause of dramatic disturbances in learning and memory processes. 
A decrease in the content of noradrenaline (NA) in the brain fol- 
lowing inhibition of its synthesis by means of the inhibitor of do- 
phamine-8-hydroxylase, disulphiram, or through electrolytic de- 
struction of locus coeruleus (LC) is the primary source of interfer- 


2. Neurochemical Correlates of Learning and Memory 35 


ence with the elaboration of conditioned reflexes. Giving this, the 
scope and extent of the disturbances in the conditioning of particu- 
lar reflexes is a function of their complexity. Indeed, the elabora- 
tion of more elemental conditioned reflexes appears to be less dam- 
aged by it than of more complex ones. For example, it proves next 
to impossible to elicit chain motor-feeding conditioned reflexes, 
whereas simple motor-feeding reflexes in the form of pushing 
at the door of the apparatus are produced with relative ease. Dis- 
turbances in the retention of the conditioned reflexes elicited against 
the background of an NA deficit in the brain are, as a rule, of sec- 
ondary character in the sense that these disturbances derive as a 
consequence of the defective conditioning. The following observa- 
tion serves to illustrate the point. An electrical skin stimulus, if 
not applied at once but some five or ten minutes after the mouse 
passes from an illuminated to darkened compartment, worsens con- 
siderably the CRPA retention 24 hours after the event (Table 2.5). 


Table 2.5. Influence of 300mg/kg Disulphiram Injection upon Defensive 
Conditioned Reflexes Elaborated in One Pairing with Delayed Reinforcement 


Time of stayin illumi- Time of stay in illumi- 
; 1 nated compartment in nated compartment in 
Groups of animals initial experiment, retention checkout 
sec (M+m) 24 hrs lJater, sec (ME) 


5-second delay 


Control, n=10 33 .71+2.79 300 
Experiment, n= 10 40 .80-+2.17 221 
10-second delay 
Control, n=20 31 .10+1.79 287 
Experiment, n=21 47 .70+3.01 157? 
1n— number of animals. 
2P < 0.05 compared with control. 


This observation, in conjunction with other known facts about 
the impairment of developed conditioned reflexes owing to an NA 
deficit in the brain, provides solid evidence, in support of Kety’s 
hypothesis regarding the mechanisms of NA participation in learn- 
ing and memory processes. According to the hypothesis, the NA 
evolved during the realization of reinforcement, prolongs the ac- 
tivity of those neurons which have responded to the presentation ot 
a preceding indifferent stimulus. 

One consequence of this is greater ease in starting connexions 
between the neuronal populations to which the signal (conditioned) 
and reinforcing (unconditioned) stimuli are addressed, that is, 
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greater ease in the initiation of temporary connexion (trace of 
memory). 

Two essential indices with respect to the functional state of the 
noradrenergic system are NA secretion and reuptake (the key mech- 
anism of inactivation) by nerve endings. They were just the in- 
dices employed by the author for his joint researches with Bazyan 
and Glebov, attempting to estimate the NA secretion and reuptake 
by the nerve endings obtained from the brain of rats in whom de- 
fensive reflexes have been conditioned. The use of H?-NA in the 
research has allowed the revelation of a reduced capacity of the 
nerve endings (NA-synaptosomes) obtained from the rat brain 
upon conditioning of a two-way avoidance reflex, for high-affine 
(specific) NA reuptake. 

Unlike them, the NA-reuptake capacity of the synaptosomes ob- 
tained from the brain of rats to whom the same stimuli (light and 
current) had been presented without pairing did not change at all. 
30 minutes after the reflex conditioning was completed the capacity 
of the synaptosomes to reuptake NA returned to the initial level. 

As to the NA secretion by synaptosomes, there were no changes 
at this point in time in the spontaneous secretion triggered by the 
reflex conditioning or presentation of unpaired stimuli. In con- 
trast, with potassium depolarization of the synaptosome membranes, 
i.e. with the addition of KCl into the incubation medium, NA 
secretion from ‘trained’ synaptosomes grew faster and its extent 
was larger than for untrained synaptosomes. It is hence inferred 
that conditioning produces changes in the properties of nerve end- 
ings similar to those that also persist after the latter’s separation 
from the brain and reveal themselves in vitro. These changes arise 
exclusively during conditioning and may well be treated as more 
or less specific. 

Results of the studies already carried out attest that the function- 
al state of the noradrenergic system is still rather high after an- 
other 30 minutes following conditioning. This finding suggests the 
double role of the noradrenergic cerebral mechanisms in the ini- 
tiation of temporary connexions and in setting the stage for their 
full-scale consolidation. 

A third line of research into the ways the noradrenergic cerebral 
mechanisms become involved in and contribute to learning and 
memory processes attempts to clarify the role of these mechanisms in 
the regulation of chemoreactive properties of the membranes of ce- 
rebral neurons. 

Lately, there has been growing justification and acceptance for 
the concept that the initiation and long-term retention of temporary 
connexions is basically due to the stable changes in the chemo- 
reactive properties of the neurons, brought about by a restructur- 
ing of their receptor machinery. This concept, initially highlighted 
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in a number of hypotheses, was then given the direct support of 
experimental data as the factors of changes in altering the chemo- 
reactive properties of the membranes of ,cerebral neurons in the 
production of conditioned reflexes came to be known. 

There is no way one can ignore, in the assessment of this idea 
and its underlying factual evidence, that the noradrenergic system 
of the brain is intimately related with the ‘reward’ and ‘reinforce- 
ment’ apparatuses. The study of the system’s mechanisms of partici- 
pation in learning and memory processes, and particularly investi- 
gation of its role as a regulator of the chemoreactive properties of 


ACh 5sec 


Fig. 2.5. Enhancement of response by hippocampal neuron to 
microionophoretic application of acetylcholine (ACh) following electrical sti- 
mulation (LC). 


A—neuron’s response to ACh application before LC stimulation; B—influence 
of LC stimulation upon the neuron’s activity; C—response of the same neuron to ACh appli- 
cation following LC stimulation. 


the neuronal membranes, is essentially identical with study into 
the mechanisms of reinforcement, the determinant factor in the 
rise and progress of temporary connexion. 

These ideas were used as guides in a series of studies by this 
author in collaboration with Koshtoyantz, Eikel, Schmidt, Marka- 
rova and Kulikov. Their aim was to explore the impact of changes 
in levels of functional activity of the cerebral noradrenergic system 
upon the chemoreactive properties of neurons in the neocortex and 
hippocampus of alert rats immobilized by myorelaxants. To activate 
the noradrenergic system, two techniques were used: electrical 
stimulation of locus coeruleus (LC) and, in a special series of ex- 
periments, microionophoretic NA application to the neurons being 
studied. 

Abatement of the functional state of the noradrenergic system 
was achieved through the suppression of NA synthesis by disulphi- 
ram or by electrolytic LC destruction 20 days before the experi- 
ment, this being the date when the NA content in the brain had 
sunk to its lowest. The studies found that changes in the functional 
state of the noradrenergic cerebral mechanisms entailed well-defined 
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modifications of the response by cerebral neurons to the micro- 
ionophoretic application of acetylcholine (ACh), dophamine (DA), 
and glutamate (Gl); e.g. following the LC stimulation, there came 
an observable, sharp increase in the response by hippocampal neu- 
rons to the ACh application (Fig. 2.5). In other instances the same 
LC stimulation weakened the AC responses (Fig. 2.6) instead of en- 
hancing them. The summary data with respect to the influence of 
the LC stimulation upon the chemoreactive properties of neuronal 
membranes in the neocortex and hippocampus are cited in Table 2.6. 
They suggest changes of neuronal responses to ACh, DA 


(cate el 


5 sec 


Fig. 2.6. Changes in responses by hippocampal neuron to micro- 
ionophoretic application of acetylcholine (ACh) and dophamine (DA), due 
to LC saan 


D, E—responses of the hippocampal neuron to ACh and DA application 
before (A, B) eal re (D, E) LC stimulation; C—LC stimulation and its after-effect. 


and Gl because of the LC stimulation in the great majority of the 
cases outlined. Significantly, the direction of the changes was in 
no way dependent upon the reaction of the investigated neuron to 
the LC stimulation. As may also be deduced from Table 2.6, modi- 
fied responses to the application of the neurotransmitters came also 
from those neurons which have failed to respond to the LC stimu- 
lation. Essentially similar data were gained in experiments corre- 
lating the ACh, DA and Gl responses of cortical neurons before and 
after the NA application to them. The research findings substan- 
tiate two important conclusions. 

1. The effect of NA, whether by excretion due to the LC stimula- 
tion or by microionophoretic application to central neurons, alters 
the chemoreactive properties of these neurons. 

2. Readjustment of the neurons’ chemoreactive properties is per- 
formed by the mechanisms whose activity fails to appear outwardly 
as changes in the impulse activity of the appropriate neurons. Prob- 


39 


2. Neurochemical Correlates of Learning and Memory 


-%% ul suOdNaU JO aleys — sasayzualed Ul * 


(001) 9 (¢°9) 9 (98) 22 (¥9) Gz (O01) FF (S° 9%) VI (G° 79) 62 UO!zIGIyH | 
(O01) F (92) 1 (001) 2 (c)Z (OOF) Z (G‘'4)Z (6) 7 sosueyos ON 
(6) LZ (G° 08) 62 (26) Fh (ve) ZI (S° 06) 62 (FL) 2 (¢°92) 2) UVIJVATJOV 
: sndwivaoddiyy 
(68) 8 (9€) 6 (g°€8) ST (S69) 81 (004) ¥ (81) ¥ (¢°8€) OF wold qiquy 
(0) 0 (%) J (ee) F (Gwe (19) 2 (cen) ¢ (¢° 7) 6 sosueyd ON 
(GL) Vy (09) Gh (08) 7 (64) ¢ (69) VF (G°69) 9F (10) L UOLPAIIV 
X0310909N 
uolyel uotTye[ uoljyel 
-nuly4}s-3}s0d -nul{}s-3sod -NU11}sS-3sod 
sgsuod sol 19 sosuodsol vd sasuodsol UV 
I<) Poy! pow Vd peg! pou YOV pei pour UOI}EL[NUINYS uolyoved Jo adAL 
U3L[M SUOINIU QyIM sudO.naUu Yt suoINoU 
jo Joquinn jo Jaquinn Jo JaquinNn 


ac a ee 
UOT}E[NUITIS DT sa}Je sodueyo Jiay} pue sla}}wsueszoInau Jo uoizeoi[dde 0} suotjovay 
Sac a a ee ee a 


(O86) ‘[e 19 zjUeAOTYSOY) S194}TUIsTeIJOINAN Jo uotyeoljddy o1a1OYMouolo1d1f 0} sUOINON [eduresoddi 
pu [vO1j10900N Jo osuodsoy 94} UO UOTJE[NWIYg (sne{NI909 SNov[) DI fo voUEN yu, -g°Z a[qey, 


40 R. I. Kruglikov 


ably, the readjustments just mentioned proceed on the basis of 
non-impulse forms of neural signalization. There are certain rea- 
sons to attribute the NA-caused readjustments of the chemoreactive 
properties of the neuronal membranes to the chemical form of the 
signalization which current conceptions depict as having an appre- 
ciably large role in the integrative activity of the brain. 

The abatement of the functional state of the cerebral noradre- 
nergic mechanisms by LC destruction or the suppression of NA 
synthesis was also accompanied by changes in the chemoreactive 
properties of the cerebral neurons. 

This expressed itself in a relative rise (from 40 to 65 per cent) 
in the number of activated neurons and a relative drop (from 37 
to 26 per cent) in the number of inhibited neurons in response to 
the microionophoretic ACh application. At the same time the num- 
ber of non-reactive neurons also decreased (from 23 to 9 per cent). 

Changes of chemoreactive properties under the influence of mi- 
croionophoretic NA application were registered also in the neurons 
functioning in the situation of endogenous NA deficit, but in that 
case they had a different character to what they would normally 
have. Aided by factor analysis, it has been established that, while 
there are normally several factors of the readjustment of ACh re- 
sponses after the NA application, there is only one factor of the af- 
ter-effect of such readjustments. This was contrasted with animals 
with destroyed LC or those which received disulphiram, in both of 
whom the readjustment of the ACh responses and their after-effect 
is controlled by one and the same factor. Thus it may be suggested 
that the mechanisms driving the readjustment of the ACh reac- 
tions caused by NA application are different in the neurons, having to 
function for some time in a situation of dificient endogenous NA, from 
those in normal animals. Further evidence to substantiate this, at least 
in part, derives from the fact that the after-effect of the ACh applica- 
tion in the control animals hinges upon a factor that does not show 
through in the indices of the ACh responses. In the test animals, 
conversely, the factor responsible for their specific patterns of ACh 
responses appears in some ways to be related also to the after-ef- 
fect of ACh application. For the reasons suggested, one may ten- 
tatively assume that the normal reaction to the application of neu- 
rotransmitters relies for its execution on one mechanism and the 
after-effect of these reactions, indicative to some extent of their re- 
tention, on another. 

The participation of the neuromediatory systems in learning and 
memory processes involves both: the separate effects of the systems 
and their interaction. For an illustration of the previous statement. 
it is useful to examine modifications of the effects of intervention 
on the activity of the cholinergic system against the background 
of a modified functional state of monoaminergic systems. 
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Relevant studies made use of conditioned reflexes of two-way 
avoidance. The first experimental session and the second one, seven 
days later, involved each presentation to test animals of 50 light- 
current combinations, recording the number of conditioned re- 
sponses of avoidance and escape. This method revealed that ad- 
ministration of scopolamine to intact animals at 0.5 mg/kg did not. 
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Fig. 2.7. Influence of reduced noradrenaline (NA) content in the 
brain upon the effects of scopolamine. Unhatched columns denote conditioned 
reactions of avoidance and hatched ones denote conditioned reactions of 
escape. 


The ordinate is the number of conditioned reactions per experimental 
seance (I is the first and II the second experimental seance). 

C—control; LC—destruction of locus coeruleus; S—scopolamine injection. 
at 0.5 mg/kg; D—disulphiram injection at 100 mg/kg. 


disturb the elaboration and consolidation of the conditioned reflexes. 
Nor did LC destruction, attended by the reduction of NA content 
in the brain, affect the elaboration and maintenance of the reflexes. 
However, when the same scopolamine dose was given to the animals 
with destroyed LC deep amnesia ensued. Interestingly, no such 
effects resulted from the reduction of the brain NA content by the 
suppression of its synthesis by disulphiram (Fig. 2.7). The modi- 
fied scopolamine effects stemmed also from interventions into the 
activity of serotoninergic cerebral mechanisms: in the animals hav-- 
ing their cerebral serotonin content decreased through the suppres- 
sion of its synthesis by parachlorphenylalanine, the 0.5 mg,kg sco- 
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polamine exposure induced complete amnesia. Another way of low- 
ering the serotonin content in the brain—by destruction of the mid- 
brain raphe nuclei—made no difference to the effects of scopol- 
amine (Fig. 2.8). 

These research findings indicate the unimpaired integrity and ef- 
ficient functioning of the monoaminergic systems as a key condi- 
tion for adequate performance of the cholinergic brain mechanisms 
and their resistance to adverse impacts, e.g. in the blockade of the 
ACh receptors. The differences that these studies made apparent 
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Fig. 2.8. Influence of reduced serotonin content in the brain 
upon the effects of scopolamine. 


NR—destruction of midbrain se eae nee PCPA—injection of parachlor- 
phenylalanine. All other symbols are those of Fig. 


between the effects of pharmacological and surgical interventions 
indicate that changes in the functional state of the monoaminergic 
systems are brought about not only by a particular level of mono- 
amines in the brain, but also by how that level has been altered. 

To explore the interaction of monoaminergic systems in the 
course of learning and memory processes the activity of one of the 
monoaminergic systems was interfered with and the latter’s effects 
investigated against the background of a modified functional state 
of another system. Suitable pharmacological and surgical treat- 
ments were used such as destruction of the midbrain raphe nuclei, 
LC destruction, and the application of drugs modifying the mono- 
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amine content of the brain. Their use has led to the identification 
of some sort of an asymmetric pattern of interaction between mono- 
aminergic systems in the learning and memory processes. Interven- 
tion in the activity of the catecholaminergic system has a great- 
er effect on the functioning of the serotoninergic system than has 
intervention in the activity of the serotoninergic system on the 
functioning of the catecholaminergic system. In other words, the 
catecholaminergic system is the one with a dominant role in the 
functional balance of the monoaminergic systems that exists in the 
formation and maintenance of conditioned connexions. This conclu- 
sion, prompted by factual data, gives further support to the key 
role of noradrenergic mechanisms in the integrative activity of 
the brain. 

An investigation into the involvement of neuropeptides such as 
leu- and metenkephaline, B-endorphine, lysine-vasopressin and its 
analogues, P-substance, ACTH.-7 and ACTH,-10 in learning and 
memory processes showed the effects of the injection of some pep- 
tides to depend upon the features of learning specific to the test 
animals. Of the peptides listed above, metenkephaline was found 
to improve’ fixation of temporary connexions in the animals that 
are poor learners, but keep it unaltered if not downgraded in the 
animals that learn well. 

Certain correlations have been found to exist between the 
influence of peptides on the processes of learning and memory 
and changes in protein synthesis in the brain structures. A 
clear example is improved retention of temporary connexions 
due to an analogue of lysine-vasopressin with concomitant 
enhancement in the incorporation of H°-thyrosine and C‘*-leucine 
into proteins of the hippocampus and _ several other cerebral 
formations. A parallel if somewhat opposite finding concerned 
potentiation of the effects of metenkephaline following the acti- 
vation of the catecholaminergic cerebral mechanisms by L-DOPA 
injection to the test animals. Unlike it, the activation of the sero- 
toninergic brain mechanisms by 5-HTP injection had no influence 
upon the effects of metenkephaline. This evidence points unequivo- 
cally to the participation of the catecholaminergic mechanisms of 
the brain and the processes of protein metabolism in the mecha- 
nisms by which neuropeptides influence learning and memory pro- 
cesses, 

Much attention has been paid recently to the benzodiazepine 
system of the brain and related quests of endogenous ligands for 
the benzodiazepine receptors. This takes place on the supposition 
that endogenous and exogenous benzodiazepines compete for a re- 
ceptor so that the binding of the exogenous benzodiazepines to re- 
ceptors can give at least some idea about the synthesis and release 
of the endogenous benzodiazepines. 


44 R. I. Kruglikov 


Studies by our colleague, Korotkov, showed that the capacity of 
the synaptic membranes of the brain cortex neurons to bind H?- 
diazepame is modified by the elaboration of the defensive reflex or 
unpaired presentation of stimuli. His data reveal a maximum ca- 
pacity for H%-diazepame binding in the synaptic membranes ob- 
tained from the brain of the rats exposed to unpaired stimuli. The 
reflex conditioning involves a less pronounced increase of the ability 
to bind H*-diazepame. The regularity shows itself over a wide 
range of H°-diazepame concentrations in the incubation medium. 
Apparently the H°%-diazepame combination by the synaptic mem- 
branes varies proportionally to the degree of emotional arousal, 
which is stated in the Simonov information theory of emotions to 
be higher in the animals exposed to unpaired stimuli than in those 
which have developed a defensive conditioned reflex. It is not un- 
likely that the extent of synthesis suppression and the release of 
endogenous benzodiazepines and thus, consequently, the capacity 
of the synaptic membranes to bind H%-diazepame are all propor- 
tional to the intensity of the emotion of fear. 

When combined, the data presented in this contribution corrob- 
orate its initial assumption of a great role for the neurotransmit- 
ter systems in learning and memory processes. It may be further 
suggested that the cholinergic and cholinoreactive systems of the 
brain have an equal measure of involvement both in the formation 
of the engram as well as its fixation. The catecholaminergic cere- 
bral mechanisms appear to be more immediately related to the en- 
gram formation proper and the serotoninergic ones, to the latter’s 
fixation. But of course the neurotransmitters’ ‘non-transmitting’ 
function of modifying the metabolism of macromolecules has a ma- 
jor part in their participation mechanisms of learning and memory 
processes. Finally, neuropeptides might also run the ‘non-trans- 
mitter’ function of the neurotransmitters to carry through their 
effects. 
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3 Multineuronal Analysis 


of the Systemic Function 
of Cortical Cells ° 


U. G. Gassanov, D.Sc. (Biol.) 


There is a wide-ranging debate in present-day physiolo- 
gy about how neuronal elements responsible for the organization 
of animal behaviour work. Livanov (1975), Asratyan (1965, 1970) 
and Kostyuk (1973, 1977) support the conclusion that, even though 
nerve elements may have been proved to be part of a particular 
reaction, this is still not enough to develop convincing ideas about 
the formation mechanisms of the integrative activity of the ner- 
vous system. Theoretical neurophysiology has effectively supplied 
the missing link by description of specific forms of nervous activity. 
For this the concept of system as a form of interaction of nerve 
elements was integrated into physiological definitions. The term 
‘system’ gained broad acceptance and is currently utilized to mean 
very diverse things. Such a different interpretation of system, an 
extremely important concept for the understanding of neural mech- 
anisms, makes it difficult to analyse specific experimental data, 
not to mention that on occasions it is thus stripped of its definitive 
role in the statement and resolution of neurophysiological issues. 
The necessity to specify the term ‘system’ is particularly imperative 
in the research into the mechanisms of behaviour, the most com- 
plex of the organisms’s integrative activities. 

In physiological science, the ‘system’ definitions—those actually 
including the word ‘system’—have long since served as key con- 
cepts. Terms like ‘nervous system’, ‘vascular system’, ‘muscular 
system’ and most other terms provide traditional and fundamental 
ways of emphasizing specialized functions in general physiology. 
The differentiation of neural formations into systems is usually 
based upon the specificity of their tissue structural elements and 
the union of their function. In recent years the systemic under- 
standing of physiological functions has become a scientific problem 
in its own right with its own hypotheses and tasks. The origination 
of the problem of systems analysis in physiology, and especially 
in the physiology of behaviour, was dictated by many factors. Two 
of them are worth special mention in view of their over-riding im- 
portance. The first refers to the rapid development of the so-called 
‘systems’ approach in various scientific disciplines, giving rise to 
the scientific philosophical concept of a ‘general theory of systems’. 
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The second factor is associated with the efforts of researchers to 
generalize the findings of the analytical investigation of functions. 
based on possible forms of dynamical interaction between basic 
constituents of the process under investigation. In Soviet physiol-. 
ogy there is a thoroughly elaborated theory of functional systems 
devoted to the interconnected activity of nerve structures for the 
organization of a certain goal-directed reaction (Anokhin, 1973). 

Some authors identify a neuron-glial functional system in the 
cerebral cortex (Roitbak and Fanardzhyan, 1979). 

In broad terms, the concept ‘systems activity’ applies to any ner- 
vous activity of whatever complexity. The activity may be afferent 
or it may be goal-directed. Two principles define nervous activity 
as systemic: (1) functional organization of the constituent struc- 
tural units, and (2) definite ultimate effect. Any response to a 
signal is known to be composed of a series of successive forms. 
of responsiveness. The first to be excited are receptors, in which 
the physical parameters of a signal are transformed into bioelectric 
parameters. The latter excite thalamic and subcortical centres trig- 
gering, on each analyser level, ever more complex processes of 
perception, processing and transmission of information. Ultimately,, 
on the cortical level, the signal is ‘recognized’ in the specific projec- 
tion zone. Depending on whether the signal is accidental or asso- 
ciated with a specific form of behaviour, new structural forma- 
tions are recruited for the process. All of the just described cycles 
of perception and reaction to a signal can be thought of as a sys- 
temic activity involving the mutually coherent operations of various: 
nervous structures. At the same time other processes occur on the: 
level of individual structures which require the elements of a given 
structure to act in a mutually coherent manner and thereby ensure 
that the signal is subjected to a certain form of analysis. A sys- 
tem can thus be composed of several subsystems and the subsys- 
tems broken down into microsystems, depending on the complexity 
of the function discharged. Hierarchical gradation is essential for 
any systemic activity that reveals itself as a response of the organ- 
ism to the environment. 

The foregoing suggests a third principle in the physiological de- 
finition of systems: the level of systemic activity. Whether we 
speak about integrative behaviour or the activity of the afferent ap- 
paratus, or detail the operating mechanisms of an individual cere- 
bral structure, it is still necessary to modify the content and re- 
search methods of systemic activity. 

All these three principles of systemic activity, namely interaction 
of elements, ultimate effect, and hierarchical levels, are essential 
not only in the conceptual sense, but also to make the analysis of 
neurophysiological studies produce results. Interaction of compo- 
nents as a fundamental principle in the organization of a system 
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constitutes the key factor for experimental investigation of system- 
ic activity. Any neural element, brain nucleus and so on can be 
integrated into a system’s analysis if its activity is studied as a 
iunction of other components taking °*part in the system in. 
question. This cardinal condition for the study of systemic activity 
excludes any other method employed in analytical neurophysiol- 
ogy (Kostyuk, 1973). Not infrequently, the axiomatic idea that 
the activity of any nervous substrate proceeds under the influence 
of an ongoing integrative reaction makes it possible to consider the 
substrate’s functional readjustments as a result and an indicator of 
the organism’s systemic activity. Essentially, this kind of compari- 
son of a system’s component with integrative systemic activity does 
not advance the understanding of the system’s organization mecha- 
nisms because the interaction of a system’s components, the major 
principle in the organization of the system, is thereby left out. 
The system does not interact with individual components, it rather 
consists of interactive components. 

. The ultimate effect is defined in large measure by the level of 
systemic activity. On the level of integrative behaviour, with nu- 
merous central and peripheral neural elements involved in the 
process, the effect may be a specialized goal-directed response. On 
the analyser level, this may be an evaluation of the physical and 
biological properties of a signal. Finally, on the level of nerve ele- 
ments, columns of cortical neurons are said to exist responsive to 
modality-specific signals (Mountcastle, 1957; Hubel and Wiesel,. 
1965). Also by the criterion of ultimate effect some workers iden- 
tify a group of neurons, the so-called barrels, which when excited 
cause, for example, the movement of vibrissae in rats (Loos, 1976). 

It is therefore generally acknowledged that there exist macro- 
and microsystems whose workings seek to execute a definite func- 
tion. 

Thus, the system is a specific set of nerve elements which bring 
about a certain physiological effect if and when they act together; 
similarly, systemic activity is a form of interaction between nerve. 
elements. When we examine a functional state of various structures 
in the accomplishment of an integrative reaction, the informa- 
tion we obtain first tells us about the participation of the structu- 
res in that reaction. With respect to a system, it may be said that 
by testing various elements separately we discover the structural 
make-up of the system. Yet the idea about the system’s make-up: 
has as yet virtually nothing in it to provide us with a clue to its. 
functional organization or, in other words, systemic activity. If ele- 
ments A and B enter into the system of K-reaction this still does. 
not mean that the elements A and B exhibit systemic activity in 
the K-reaction, because participation may or may not be synony- 
mous with interaction. The elements A and B may not interact or 
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may refer to different subsystems. Further, their interaction may 
be subordinative, and then the question arises about the type of 
interaction between them. One- or two-way, excitatory or inhibi- 
tory, interactions are all types of relations which offer a specific 
idea about the functional organization of a given system or the spec- 
ificity of systemic activity. Indeed one may assume in theory what 
experiments confirm, that two elements may equally participate in 
different reactions in terms of ultimate result. While this is so, dif- 
ferentiated forms of an integrative reaction imply different special- 
ized organization for the functioning of the nervous system, that is. 
specificity of the systemic activity of nerve elements. 

Conceptions regarding the neuronal organization of the higher 
levels of the nervous system are based, first and foremost, on mor- 
phological description of the structure and synaptic contacts of 
central cells. Owing to the lack of dependable physiological tech- 
niques to investigate interneuronal connexions, current theoretical 
inferences about the organization of cortical neuronal circuits are 
in many ways hypothetical and do not lend themselves to objective 
estimation in experimental conditions. Laborious electrophysiolog- 
ical studies of connexions between neurons, aided by methods of 
microstimulation and intracellular recording, have failed to yield 
convincing results for two reasons. First, electrical stimulation may 
have stimulated synaptic inputs that are practically inactive, phy- 
siologically; second, the time course of the intracellular records is 
as yet insufficient to be able to follow changes in the synaptic con- 
nexions of the neuron examined in adaptive reactions. An essential 
shortcoming of the morphological conceptions has thus far been the 
failure to design measures of dynamic readjustment of interneuro- 
nal relationships or conversion of potential connexions into actual 
ones and vice versa. 

When we say that a system begins with the study of the activity 
of the nerve element as a function of other elements, we actually 
touch upon the principles of organization of systemic activity and 
analysis of the basic factors contributing to its formation. 

When, on the contrary, it comes to identifying a system as a set 
of interactive nerve elements which seek to get a certain function 
done when they act together, the point should properly address the 
composition and description of the system. It must be stressed that 
for a well-rounded characterization of a system, and especially a 
microsystem, one has to know not only the number of interacting 
nerve elements, but the ultimate effect of the elements’ interaction. 

Mountcastle (1957, 1978), Hubel and Wiesel (1965), Loos (1976), 
Batuev and Bambindra (1977), Batuev (1978) and Kogan (1979) 
describe in detail the structural and componential make-up of a 
neuronal system as it performs a certain analytical function. Ne- 
vertheless, none of the functional organizations of the systems they 
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emphasized, that is, systemic activity based on the interaction of 
the elements involved, has been confirmed to date with sufficient 
scope. ° 

All of the assumptions discussed above require solid experimen- 
tal proof. It can be stated, moreover, that the very problem of sys- 
temic activity still needs, on the whole, further elaboration as much 
as it needs the selection of suitable experimental techniques for its 
analysis and description. 

Recognition of systemic activity as a form of interaction between 
the elements of a system necessitates the recording of the activity 
of several neurons simultaneously. Even though the activity of a 
multitude of neurons is not in itself an indicator of functional in- 
tegration of the neurons, this type of recording is indispensable for 
the subsequent analysis of functional connexions between the neu- 
rons. 

The literature contains detailed descriptions of methods for re- 
cording the activity of two, three and four cells of central struc- 
tures in the nervous system (Verzeano, 1956; Amassian et al., 1961; 
Kogan, 1966; Efremova et al., 1967). The early period of multiple 
recording was marked by attempts to increase the number of 
microelectrodes inserted into the brain. Using specialized electrode 
holders, investigators attempted to insert into the brain (cortical 
and subcortical regions) simultaneously three or four microelec- 
trodes. But the complexity of the search for and retention of a neuron 
by each electrode increased with the number of electrodes inser- 
ted. The electrode spacing, computed from the sinking angle and 
depth, proved also of concern. So finally one-electrode multineu- 
ronal recording has been generally recognized as the most promis- 
ing procedure. 

The methods, theory and ways of analysis of multineuronal ac- 
tivity are receiving much attention in the literature. It suffices to 
mention the multi-author works with entire chapters devoted to the 
recording and analysis of multineuronal impulsation (Bioelectric 
Recording Technique, 1973; Glaser and Ruchkin, 1976). 

Multineuronal activity was first described by Strummwasser in 
1958. He used a steel electrode with a tip diameter of 80 pm to 
study neuronal activity in the mesencephalic reticular formation 
of the squirrel. Strummwasser greatly improved the technique of in- 
vestigations into the multiple impulse activity of neurons; he aban- 
doned the procedure of searching for neurons with a micromanipu- 
lator and brought into practice a chronically implanted electrode. 
The search was maintained exclusively within the operation time- 
frame. He reported the recording of multineuronal activity by a 
cement-fixed electrode for over a week. It thus became possible in 
experimental neurophysiology to monitor on a long-term basis, over 
several days, the activity of nerve cells in the brain of normal alert 
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animals. The method has great advantages for long-term research 
into the neuronal activity of the higher levels of the central ner- 
vous system, especially for the study of the neuronal mechanisms 
of learning. The chronic recording technique is currently used on 
laboratory animals such as rats (Olds, 1967; Olds, 1973), cats 
(O’Keefe and Bouma, 1969; Gassanov, 1971; Gassanov and Gala- 
shina, 1975), dogs (Cassady et al., 1973) and monkeys (Schmidt 
et al., 1976; Arezzo et al., 1977). 

As the method gained ground, alternative methods for recording 
different-amplitude impulsation in chronic conditions were devel- 
oped. John and Morgades (1969) developed a procedure for the re- 
cording of multineuronal activity via a ‘moving microelectrode’. 
They tapped a microelectrode into a subcortical nucleus to the area 
with pronounced multineuronal activity and left it in that position 
for about a week until the impulsation disappeared. When the 
activity terminated, a miniature micromanipulator was used to 
move the electrode to a new active region. 

At present, the method for recording multineuronal activity by 
means of rigidly fixed electrodes is widely used (Naka and Kido, 1967: 
Olds, 1973; Susuki, 1974; Gassanov, 1975). For this purpose metallic 
electrodes are usually employed with a diameter from 25 pum to 
100 pm. Some investigators sharpen the tip down to several mic- 
rons (Burns, 1974). As a rule, several electrodes (up to eight or 
nine) are emplanted into the brain either in series (Olds, 1973; 
Burns, 1974) or as a bundle( O’Keefe, 1969; Gassanov and Gala- 
shina, 1975; Gassanov et al., 1979; Merzhanova, 1979). The elec- 
trodes are fixed on the skull with a cementing compound and their 
outer terminals are soldered to the connector. It appears as if the 
large number of electrodes compensates for the absence of their 
freedom of manoeuvre. With the electrodes rigidly fixed, the inves- 
tigator is not free to move them about in search of the active point 
after the operation. Then the advantages of implanting numerous 
electrodes come to the fore. 

Experience has shown that two or three out of seven to nine rig- 
idly fixed electrodes find impulse activity. On rare occasions it 
is possible to record multineuronal activity with the majority of the 
electrodes. In some cases, however, no impulsation is found. 

Burns et al. (1974) performed quantitative analysis on the 
‘working capacity’ of chronically implanted electrodes and emerged 
with a conclusion essentially identical with our own. Of all implant- 
ed electrodes, about one third show the activity of the alert state, 
just as one third of the working points yield long-term activity. 

Long-term recording of neuronal activity from rigidly fixed elec- 
trodes reveals a number of interesting and new experimental phe- 
nomena. The duration of the active state underlying one electrode 
igs measured over a range from several days to several months. Cha- 
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rover and Deluca (1972) recorded multineuronal activity from the 
olfactory bulb in rats in the course of three months and hypothes- 
ized, from the shape of the spikes they obtained, that the neurons 
remained the same throughout. Schmidt*et al. (1976) recorded 
multineuronal activity from the motor cortex at eleven points for 
233 days in one monkey and in another monkey twelve points 
were working for 141 days. | 

Guided by the spike shape, type of receptive fields and the pat- 
tern of discharges, these authors suggested that one neuron could 
work for as long as 29 days. Within that period, stable registra- 
tion was observed for eight days, indicating the periodical pattern 
of neuronal activity. Somewhat earlier, Gassanov and Galashina 
(1975) published data on periodicity in the activity of auditory 
cortex cells in cats with chronically implanted electrodes. These 
researchers identified the neuron by the pattern of the post-stimu- 
lus histograms on exposure to sound stimuli. 

Another fact obtained from experiments with multineuronal re- 
cording concerns the shape of spikes. Usually, all impulses, what- 
ever their amplitude, have two, less often three, phases, and only 
on rare occasions are they monophasic. 

As noted above since the 1950’s multineuronal activity has at- 
tracted the attention of researchers. And, despite the intervening 
thirty-years period since the pioneering investigations in that di- 
rection and the method’s increasing scope over the past few years, 
multineuronal activity recording meets with reserved, indeed some- 
times critical, attitudes. Verzeano (1973) quotes some of the more 
frequent criticisms levelled against multineuronal research proce- 
dures, which the author rejects absolutely. The criticisms decry the 
unclear nature of multispike impulsation, difficulties of identify- 
ing an individual neuron in such a record, and other disadvan- 
lages. | 

Evidence from literature, along with our data, make us resona- 
bly sure that the major difficulty in the analysis of multineuronal 
activity arises whenever an attempt is made to separate the im- 
pulsation of the individual neurons comprising this neurogram. 
The complex form of the impulses and the broad spectrum of their 
amplitudes are coupled with high-level neuronal noise to yield a 
picture commonly considered as an unclear recording. 

There exist several ways of differentiating impulse series 
from a multiunit record. The simplest of these is by divi- 
sion of impulse trains according to horizontal level. This is 
done with discriminators that separate out the impulses above 
a given level. The method can help obtain a series of trans- 
formed impulses corresponding to the spikes with the largest 
amplitude, if the level is set up high above the noise level, or 
a series of different-amplitude spikes, if the level of discrimination 
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runs somewhat lower. For the low-level discrimination, it is possi- 
ble to integrate into one train of transformed impulses the dis- 
charges of all recorded neurons (Berry et al., 1978). Applications 
for this method in the analysis of multineuronal activity are relative- 
ly few because such discrimination fails to provide for the separa- 
tion of individual discharges on the basis of their amplitude with 
the exception of the largest spikes. 

The method’s inherent disadvantage is eliminated if the spikes 
are discriminated by their amplitude, using band discriminators 
that impose constraints on both the lower and the upper levels. 
This discrimination of separated impulse series by the ‘window’ is 
at present widely applied in electrophysiology. Introduction of the 
amplitude discrimination method as a routine tool of multineuro- 
nal research encouraged the development of work on statistical ap- 
proaches to the analysis of the impulse activity of neurons. On 
the other hand, the new scope for the amplitude discrimination 
techniques raised several issues of principle. 

The first to arise was the question about the boundaries of am- 
plitude oscillations of the spikes generated by one neuron. On some 
estimates, the oscillations account for 25 per cent of the total 
(Burns et al., 1974). Some critics of the multineuronal method of 
recording question the validity of the judgement about the activity 
of an individual neuron based on the amplitude parameter alone, 
with no regard to the spike shape. For that very reason most of the 
studies now underway in that area include amplitude discrimina- 
tion with close attention to the shape of the discriminated spike se- 
ries. This is achieved by periodic recording of individual spikes 
on a high-speed CR sweep throughout the experiment (Fetz and 
Baker, 1973). As an additional criterion for sampling the impulses 
of one neuron, it is useful to employ the histogram of expectation 
density (autocorrelogram) or interval histograms that can give an 
idea about neuronal refractoriness. 

Sampling of an impulse train of an individual neuron by the 
spike shape is held to be a more advanced method. For this a spike 
of standard shape is fed into a computer with sufficient storage cap- 
acity and similarly shaped spikes are separated from multineuronal 
activity on that basis. Swartz et al. (1976) discuss in great detail 
the reliability of spike discrimination in a multineuronal record. 
They seem to have agreed that errors in spike sampling by shape 
are likely to include undersampling the impulses of one series 
or oversampling—when spikes of two neurons are mistaken for one 
series. They propose their own method of sampling the activity of 
separate neurons based on a histogram of the amplitude spectrum 
of a multineuronal record. From the histogram, mean and sample 
standard amplitude deviations are computed and the width of the 
discriminator window estimated in order to identify the neurons 
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by the peaks of the amplitude spectra. Poststimulus histograms of 
the series that selected provide an additional means of control over 
sampling accuracy. With the proper sampling the histograms of 
response reactions have shown differences in their patterns. 

Vibert and Costaj (1979) came to develop a preference for three 
parameters of the action potential as being the most meaningful 
ones in computer sampling: amplitude of the first phase of the ac- 
tion potential, amplitude of the second phase and width between 
their respective peaks. The results of processing multineuronal ac- 
tivity strongly suggest that strict theoretical requirements might 
not always be necessary with that kind of analysis. We shall pro- 
vide an example from Verzeano et al. (1970) who recorded multi- 
neuronal activity in the lateral geniculate body and dorsal hippo- 
campus of immobilized cats for studying the influence of metrazol 
on neuronal activity. By means of a system of discriminators, the 
whole mass of multineuronal impulsation was divided into six se- 
quential levels. Significantly, such criteria as spike amplitude and 
shape were not among the authors’ guides in that exercise. The 
analysis of the multineuronal activity demonstrated that low-level 
spikes disappeared after metrazol injection, medium-level spikes 
changed their frequency, and large spikes did not alter. Particu- 
larly intriguing, however, was the appearance of new spikes far ex- 
ceeding in amplitude all of the other spikes. 

In that experiment the findings go far beyond our current capa- 
bilities in microelectrode research. First, the small spikes that are 
always dismissed from microelectrode investigations on account of 
being a poor indicator have been actually the ones with maximum 
reactivity in relation to the pharmacological agent. Second, keeping 
the microelectrode constantly targeted on the active cell usually 
excludes the possibility of watching new neurons become active 
during the period of recording. Third, even the conventional sub- 
division of spikes by the amplitude criterion permits identifying se- 
lective influence on behaviour of the neurons. One can cite studies 
in which spike changes in the course of multineuronal activity 
were watched and estimated visually, without so much as sampling 
the spikes. 

Naka and Kido (1967) offer records showing clearly, in the cat 
hypothalamus, the suppression of medium spikes and retention of 
smaller ones as the cats were shown a mouse. But once the mouse 
was taken away, large spikes appeared. Kasimov and Gassanov 
(1977) watched large spikes emerge in the rabbit amygdala under 
induced (by sodium chloride injection) and natural water depriva- 
tion. These experimental data illustrate the relative nature of the 
neat sampling of impulse series. One is therefore justified in as- 
suming, as the criterion for neuron sampling, not only certain 
parameters of their action potentials, but also the effect of function- 
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al influence upon the separated impulse series, i.e. the result of 
an experiment. 

Multineuronal recording of impulse activity has become widely 
used in recent years. The mounting research interest in that par- 
ticular method of neuronal recording is to be credited to several 
interesting properties that are hard, if not impossible, to identify 
in the functions of single neurons activity. What are the properties? 

First property. Any attempt at an objective assessment of func- 
tional interrelations between two neurons, and especially neurons 
of the neocortex, necessitates estimation of the distance between 
thein. The chance finding of neurons in the absence of exact no- 
tions about their spatial disposition makes the comparison of tem- 
poral parameters in the activity of each neuron much less valu- 
able. If an inhibition response of one cortical cell coincides in time 
with excitation of another cell, the interrelation of these two forms 
of impulse activity is the more problematic, the less we know 
about their relative position in space. To obviate these difficulties, 
it is usual to manipulate two electrodes so as to minimize the spac- 
ing between their tips once a definite depth has been reached. 

However, even this approach has not been sufficiently adequate 
to answer the question about possible, much less real, interrelations 
of corlical neurons. For one thing, the accuracy of the resolution 
in determining the proximity of neurons by the method of converg- 
ing electrodes is not always fine enough for reasonable certainty 
about the spatial interrelations between the neurons. For the dis- 
tances between two neighbouring neurons may well measure in 
microns or tens of microns (Batuev and Bambindra, 1979; Bur- 
chevskaya, 1979). For another, the probability of two microelectrodes 
landing in the field of impulse activity is very low. Multineuronal 
recording, i.e. the recording of several neurons with one electrode, 
serves as a reliable tool for monitoring the activity of neighbouring 
neurons, the distance between them dictated by the density of their 
disposition in tissue volume. Using the method of chronically im- 
planted electrodes one gains significant extra time to watch the 
combined operation of neighbouring neurons, lasting several days 
or weeks. In conclusion, the method offers a comparatively simple 
and nonetheless reliable and long-term way of recording simulta- 
neously several neighbouring close-spaced neurons—an objective 
somewhat difficult to achieve with other recording techniques. 

Second property. Multineuronal activity is often thought of as 
the activity of neighbouring but randomly scattered neurons rela- 
tive to the electrode tip. This view received broad recognition and 
is perhaps the reason why multineuronal recording is often used 
as an economical means of recording a set of neurons. 

Another, and also widespread view of multineuronal activity de- 
scribes it as an indicator suggestive of the functioning of a neuro- 
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nal pool. In that event, the spatial analysis of the pooled neurons 
is thought to be of no special consequence. 

Nevertheless, a more detailed perspective on the action potentials 
as they appear in multineuronal recordjng provides some rather 
significant insights into the structure of the neuronal pool being 
recorded. As a rule, in a multineuronal record all impulses are bi- 
or tri-phased. The initial phase, furthermore, is of high-speed 
and minimum in duration whereas the second phase is somewhat 
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Fig. 3.1. Form of action potentials in a multineuronal record. 
The motor cortex of a normal alert cat. Recording through cronically im- 
planted electrode (nichrome) 50 um in diameter. Downward negativity. 


extended over time. The third phase, if any, is usually of low am- 
plitude but of maximum duration. The form of the action po- 
tentials such as this is well-known and in a multineuronal record 
the potentials appear with different amplitudes. 

One cannot fail to see that, in a multineuronal record, the action 
potentials of different amplitudes have similar forms as concerns 
the direction of the phases (Fig. 3.1). Whatever the amplitude of 
the spikes in a multiunit record, all the initial phases (and, accord- 
ingly, the secondary phases also) possess the same polarity. Pro- 
ceeding from the generally accepted idea of the action potential as 
being form-dependent upon the neuron’s orientation relative to the 
electrode tip, one will have to assume the similar orientation to- 
wards the electrode for all neurons recorded in a cortical microlo- 
cus. This is an altogether legitimate assumption to make as long 
as the electrode keeps recording a group of closely adjacent neu- 
rons. There is ample morphological evidence suggesting the normal 
pattern of cell disposition in clusters for the neocortex, particularly 
its lower layers—the usual locus from which to record multineu- 
ronal activity. There are also indications that each cluster may 
hold from three to seven or nine cells (Batuev and Bambindra, 
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1977; Burchevskaya, 1979; Amassian et al., 1961). Hence it fol- 
lows that multineuronal activity, under certain conditions, reveals 
the activity of spatially isolated microgroups of cortical neurons 
located in the immediate proximity of one another. 

It is not unlikely, as experimental facts indicate, for a multineu- 
ronal record to pick up by chance also the action potentials of op- 
posite polarity. The basis for such incidents is that the electrode 
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Fig. 3.2. Evoked impulse activity of neurons in the sensomotor 
cortex of immobilized cats produced by stimulation of the ventrolateral thal- 
amic nucleus. The multineuronal activity was recorded via glass micro- 
electrode. Hi, H2 and H3 are poststimulus histograms, respectively, of large, 
medium, and small neurons according to spike amplitude. 


comes into a position enabling it to record the activity of indi- 
vidual remote neurons. Normally, however, most of the spikes with 
different amplitudes in a multineuronal record will have a unipolar 
orientation, while the impulse series of the opposite orientation is 
comparatively rare. Consequently, the one-electrode recording of a 
neuronal set, particularly using a large tip diameter electrode (Ma- 
nyanin et al., 1979) actually records the activity of local group 
of closely adjacent neurons. 

Third property. Structurally, multineuronal activity consists of 
impulses having different amplitudes. In fact the number of record- 
ed neurons can be estimated from the number of distinct ampli- 
tudes. On the basis of experiments with microelectrode investiga- 
tions of a single neuron, in the literature the concept has been de- 
veloped of the action potential as a function of the distance be- 
tween neuron and electrode tip (Storozhuk, 1974). Subsequently, 
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the viewpoint of the different-amplitude recording of impulse activ- 
ity which one electrode was adopted by many investigators, who 
came to see it as the activity of several neurons situated at differ- 
ent distances from the recording electrode. On the other hand, an 
analysis of the impulse responses to stimulations discloses a sug- 
gestive relationship between the character of evoked responses from 
the separated neurons and the amplitude of their generated charges. 
In our laboratory Weber, Stashkevich, Rapoport and Silkis have 
shown that the responses of neurons with low-amplitude impulses. 
commonly have short latency but are, not infrequently, extended 
over time. The neurons with high-amplitude impulses yield re- 
sponses having relatively longer latent periods and phasic in type 
(Fig. 3.2). If the amplitude of the impulses independent of the 
type of registration were strictly correlated with the electrode-neu- 
ron distance, the probability of the appearance of any form of evoked 
responses would be equal for the spikes recorded with large or 
small amplitudes. Obviously, the concept of amplitude as an index 
of the neuron’s remoteness from the electrode does not hold for the 
incidents of multineuronal activity. It has to be acknowledged that 
in the multineuronal activity recording environment, specifically 
because of the capability of picking up impulses from a tightly 
organized group of neurons, it becomes possible not merely to watch 
the activity of several neurons simultaneously, but also to differen- 
tiate them according to the functional properties. In any case, the 
amplitude of spikes appears as a neuron property that is reversely 
related to their excitability. Low amplitude impulsation is specific: 
to the more reactive of the neurons and high-amplitude impulsation 
to less reactive ones (Henneman et al., 1965). The intermediate 
amplitudes are common for the neurons in the midway position ac- 
cording to reactive properties. 

As is known, the amplitude of impulses in multineuronal activi- 
ty may vary in absolute measurement (Fig. 3.3). The signal-to- 
noise ratio should most probably be accounted for by the position 
of the recorded neuronal group relative to the electrode. In that 
respect, the principle of spatial relations acts in the same way as. 
in microelectrode studies. The only difference is that, for a single 
cell, the distance is determined from one impulse parameter and in 
recording a neuronal set this determination involves the absolute 
amplitude parameters of all impulse series. With such an approach, 
the relative correlation of the amplitudes in a multineuronal record 
remains functionally important for the differentiation of neurons, 
irrespective of the absolute values of these amplitudes. 

Publications of recent years supply plenty of data on the 
morphological identification of cells in the central nervous system 
based on the magnitude of impulse discharges. A variety of analyt- 
ical techniques are marshalled to confirm the arguments for the 
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view that the spike amplitude can be indicative of the cell size. It 
is presumed that the higher the spike amplitude, the larger are the 
cell’s dimensions (Henneman et al., 1965 [a, b]; Grover and Buch- 
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Fig. 3.3. Multineuronal records 
in the auditory cortex of an alert cat re- 
gistered from several chronically implant- 
ed clectrodes (nichrome) 50 um in diame- 
ter. Figures are numbers of glued-up elecc- 
trodes. 


wald, 1970). The concept 
is justified for the functio- 
nal description of multi- 
neuronal activity, from 
which large-, medium-, and 
small-size cells can _ be 
separated on _ the basis 
of some of their prop- 
erties. A special analysis 
of the neuron size versus 
the spike amplitude goes 
a long way to substantiate 
the validity of this identi- 
fication. As an example of 
the case in point the mul- 
tineuronal activity of the 
auditory and motor cortex 
serves well. On morpho- 
logical evidence, the audi- 
tory cortex contains cells 
of smaller size than does 
the motor cortex. The res- 
pective neurograms show 
a higher signal-to-noise ra- 
tio for the motor relative 
to the auditory cortex 
(Fig. 3.4). 

Therefore, the differen- 
tiation of spike trains ac- 
cording to their ampli- 
tudes allows one to perform 
morpho-functional _identi- 
fication of cortical neu- 
rons, to yield the classes 
of large, medium and 
small neurons. 

Fourth property. Ordi- 
narily, the impulses in 
multineuronal activity have 


two or three phases. As reported from acute experiments, monophase 
activity occurs either with a large distance of the neuron from the 
electrode tip or when the electrode comes into contact with the 
neuron (Storozhuk, 1974). Bi- or tri-phased spikes occur when 
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the electrode is found at an optimal distance from the cells, that is, 
the distance permitting reliable and accurate recording of the neu- 
rons’ discharging activity while, very importantly, leading to nei- 
ther mechanical stimulation nor impairment of the target cell. 
Fifth property concerns multineuronal activity being recorded 
from chronically implanted electrodes. The method of implanted 
electrodes provides an opportunity to monitor for days the impulse 


ea 150 
100 msec KV 


Fig. 3.4. Characteristic signal-to-noise ratio of a multineuronal 
activity recorded in the motor (m.c.) and auditory (a.c.) cortex of an alert 
cat. The chronically implanted nichrome electrodes have 50 um diameter. 


activity of cortical neurons without time being wasted in search 
for the active points. A specialized analysis of impulse trains based 
on the form of the action potential or PSH has revealed the con- 
stancy of the investigated criteria, suggesting the ready availability 
of the same cortical neurons for observation over several succes- 
Sive days. 

Contemporary neurophysiology is as yet short of data to hypothe- 
size on the patterns and peculiarities of this several-day activity of 
cortical neurons. The method of chronically implanted electrodes 
opens up new opportunities in that area. In any case, experimen- 
tal facts for the periodicity of cortical cells functioning have al- 
ready been obtained and the presumability of active and inactive 
states found to be different for different cells (Gassanov and Gala- 
shina, 1974). 

The capability for retention of the same neuronal group over a 
long time and with a high reliability enables the functional state 
of cells to be followed in a situation where the nervous system is 
influenced by pharmacological or prolonged afferent exposure. Of 
specific interest in that context is the change of neuronal noise 
with the use of chronically implanted electrodes a few microns in 
diameter. The effect of anaesthesia causes a sweeping reduction in 
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the magnitude of this neuronal noise, sometimes to several times 
less than the initial level (Bogdanov, 1979). These data offer a way 
to evaluate the functional state of small neurons whose recording 
is practically impossible though their activity generates the so- 
called neuronal noise in multineuronal recording. 

The aforementioned properties of multineuronal recording all 
seem to lead to a conclusion that has a direct. bearing on the morpho- 
functional characterization of elementary groups in the neocortex. 
The morphological data suggest the pattern of neuronal distribution 
in clusters in the various cortex layers. These neuronal groups are 
especially common in the lower layers of the cortex. Another cir- 
cumstance is also noteworthy that some authors do not treat the 
neuronal microgroups as a component part of the vertical cortex 
columns (Peters and Walsh, 1972; Batuev and Bambindra, 1977). 

In composition, the microgroup of cortical cells conjoins neurons 
of different types. The usual description of such a microgroup por- 
trays it as consisting of one large pyramidal cell with medium- and 
small-size pyramids centred around it (Batuev and Bambindra, 
1977; Burchevskaya, 1979). In terms of structural characteristics, 
the group unions of cortical neurons may well be seen as a micro- 
system, which, according to some investigators, should fulfil some 
elementary function. 

Using the multineuronal method of recording, individual micro- 
systems can be made the target of a physiological analysis. It 
should be noted specially that a detailed discussion of the proper- 
ties of multineuronal impulsation shows the coincidence of findings 
between physiological and morphological investigations as to the 
pattern of cortical cell distribution in groups. On the parameter of 
spike amplitude, the identification of neurons is consistent with the 
morphological pattern of the microgroup. From the reactivity of the 
identified neuronal classes one can form an idea about functional 
differences among large, medium, and small neurons. And yet alk 
the classificatory characteristics that describe the constituent ele- 
ments of the microsystem of cortical neurons leave open the ques- 
tion about the interaction among these elements or, to put it an- 
other way, the systemic activity of neurons within the micropool of 
the neocortex. 

The differential analysis of multineuronal activity provides the 
raw material for the subsequent statistical investigation of inter- 
neuronal relations. This and the more elaborate and improved spe- 
cial mathematical procedures now available have set the stage for a 
new and objective approach to the systemic activity of neurons. 

Gerstein (1970), Dickson and Gerstein (1974) and Moore et al. 
(1970) offer thorough-going descriptions and discussions of the 
methods to deal with cross-interval interrelations of impulse trains 
from two neurons. Unlike the cross-correlation relations between 
two impulse trains, cross-interval relations are to be determined, 
pot at macroplots of impulse series, but at micro-intervals of 
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time relative to the spike 
of the selected series. For 
the postimpulse relations, 
30 temporal sequence in the 
analysis of neurons is ma- 
terial; in fact, it makes all 
the difference from cross- 
correlational parameter, 
which is independent of 
the sequential order of 
impulse series. 

The method of building 
cross-interval histograms 
recalls in many ways that 
for the poststimulus histo- 
gram, but with the differ- 
ence that the function of 
the stimulus in the cross- 
histograms is taken by 
each impulse in one of the 
series combined. A com- 
puter with a large storage 
Capacity can produce a 
histogram with statistical 
feedforward and feedback. 
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The use of different time-of-analysis periods enables the identifi- 
cation of dependent relations both over short and long intervals. In 
the process, it must be possible therefore to monitor the frequency 
of cross-intervals of different orders. In cross-correlation histo- 
grams, however, the index of dependence appears usually near the 
zero time and reflects predominantly the intervals of the first order. 
This view is further supported by statistical data in which, given a 
long cumulation time relative to 0, the moment when the control- 
ling spike is emergent, dependent relations occur, as a rule, in the 
initial part of the histogram. For an example, one can refer to 
Gerstein’s article (1970) where a histogram with a 300 msec time 
of analysis is cited and a statistical relationship shown between 
two series of impulses in the initial bins. 

A scrutiny of first-order cross-interval histograms can be carried 
out with comparatively simple electron summator built on the anal- 
yser model (Gassanov and Galashina, 1975; Krekule and Skvaril, 
1976). This is achieved by setting the analyser regime to the mode 
of the postimpulse histogram and feeding first-series impulses, 
which initiate the analyser beam, into the nest of external synchro- 
nization and second-series (read-out) impulses into the cumulation 
nest. The analyser beam is triggered by each impulse of the first 
series and the cumulation is done over the time separating im- 
pulses of the first triggering series. | 

In view of the latter fact the recurrence rate of analysed impulse 
series becomes critical. Indeed, an impulse train with short inter- 
impulse intervals is very likely to trigger the analyser beam much 
too often, causing an accumulation of the read-out series impulses 
in the first bins and, consequently, an incorrect dependent rela- 
tion. To avoid incorrect conclusions, the time of analysis for cross- 
relations should be determined from the least interval in the trig- 
gering series. This requires an interval histogram to be built or, 
alternatively, an electron gate to be used to block the input for the 
synchroimpulse. 

Cross-analysis is now a widely used method of analysis because 
of the clear-cut description it provides of the quantity and quality 
of the histograms obtained. It is valued most, however, as a techni- 
cal tool for an objective assessment and description of dynamics in 
the systemic action of neurons. On the other hand, the statistical 
approach raises a number of theoretical issues whose solution may 
add a significant new dimension to the physiological content of 
quantitative indices. 

As is known, a Statistical relationship between two events is as 
much controlled by the interaction of the events as by the in- 
fluence upon them from an extraneous common source. The concept 
is a basic essential if an understanding of the joint activity of neu- 


3. Multineuronal Analysis of Systemic Function of Cortical Cells 63 


rons is to be developed. The statistical method of cross-analysis of 
impulse trains provides a convincing and demonstrative perspective 
on the major distinctive features of neuronal system function but, 
once again, it leaves open the question about a third source and 
therefore mechanisms driving the correlated activity of neurons. 

There are studies in the literature devoted to a discussion of the 
possible neurophysiological processes underlying a temporal rela- 
tionship between two impulse trains. Moore et al. (1970) analyse 
methods suitable for direct research into the synaptic interaction 
of neurons. They discriminate between two expressions of the 
cross-correlation function referred to respectively as primary and 
secondary effects. The primary effects represent the peak and trough 
close to the onset on the histogram (near the zero mark). Their 
amplitude, direction and shape, chiefly a reflection of the corre- 
sponding synaptic processes, are relatively independent of the on- 
going impulsation of the analysed cells. They grow out of mono- 
or polysynaptic interneuronal connexions, excitatory or inhibitory, 
or else are due to the common inputs to these neurons from a third 
source. The authors maintain that the differentiation of the neuro- 
nal interaction and the common source can be made using the pic- 
ture of secondary effects, which follow the primary and appear as 
periodic oscillations on the histogram. The post-synaptic periodici- 
ty finds expression only on the plus side of the histogram for the 
case of a monosynaptic connexion and on both sides of zero for 
the common input alternative. 

Dickson and Gerstein (1974) treat the question in the following 
way. The common input option is relevant should similar dependent 
relations emerge on both sides of the histogram’s zero point. If, 
however, their dependence is unilateral, this judgement is based on 
the temporal parameter of the dependent relation. Faced with 
a time-extended peak (or inhibition), one can speak of the com- 
mon input. A narrow unilateral peak suggests an immediate inter- 
action between neurons. Dickson and Gerstein (1974) are of the 
opinion that the common input exerts a synchronizing influence 
on two neurons, making them start discharging at about the same 
time. 

The third source spans a wide range of influences. The likely 
candidates for such a source include blood constitution, tempera- 
ture, blood pressure, ephaptic distribution, activating influences 
and a third regulating neuron or thalamic relay nucleus (Moore 
et al., 1970; Fetz and Baker, 1973). 

All of the conceptions for the functional meaning of the neuro- 
nal interaction recognized from statistical indices rest essentially 
upon data obtained from model experiments based on the use of 
computers or very simple objects. The existing views and supposi- 
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tions with respect to the differentiated understanding of cross- 
interval histograms undoubtedly enrich the statistical description 
of system neuronal activity with concrete physiological mecha- 
nisms. But they also emphasize the need to continue the search 
along these lines for additional argumentation to support the com- 
mon input concept or, alternatively, that of immediate neuron 
interaction. The authors themselves insist that their propositions 
have yet to be proved absolutely. Nevertheless the cognitive value 
of performing statistical analysis on interneuronal relations is un- 
questionable. 

It is not merely that wide agreement on certain cross-histogram 
forms as relevant indices of interneuronal connexions opens up 
new horizons for the study of specific ways in which neurons are 
interrelated. In addition, it provides investigators with an easy-to- 
apply analytical technique in dealing with the synaptic mecha- 
nisms of that interaction. For confirmation, one may refer to studies 
containing discussion of the monosynaptic connexions between 
cortical neurons on the basis of cross-histogram data. One such, 
by Renaut and Kelly (1974), investigated pyramidal neurons in 
the precruciate cortex of a cat, only to find that some of them were 
inhibitory. On the theoretical assumption of correspondence of the 
asymmetric relations between two neurons to the immediate con- 
nexions and of the symmetric ones to the common input, they in- 
ferred that inhibition could be imposed both mono- and polysynap- 
tically. Kimura et al. (1976) also considered the asymmetric cross- 
histograms as indices of neuronal interaction and symmetric his- 
tograms as the common input. They investigated neurons in the 
cat visual cortex with their preidentification from responses to a 
moving stimulus. In all pairs, the positivity (excitational depen- 
dence) was symmetric. The authors concluded that the neurons 
had been excited from the common input through the connexions 
from the lateral geniculate body. Only in four pairs out of the 48 
in the sample frame did they detect an inhibitory monosynaptic 
connexion between neurons, as suggested by data of cross-analysis. 
In both studies the presumed monosynaptic connexion was recog- 
nized by a delay of the dependence index within the range of 0.6 to 
2.0 msec. 

To sum up, the concept of the asymmetric histograms as indices 
of neuronal interrelation seems to be the best-grounded at present 
and the most promising for the future. Statistical studies into the 
interrelations of two impulse trains have discovered one more fact 
of direct interest for the physiological perspective on the cross-his- 
tograms. 

Many studies point out that dependent relations are often ob- 
served between neurons spaced 300 to 350 pm from each other. 

Dickson and Gerstein (1974) examined cross-relations in neuro- 
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nal pairs in the cat auditory cortex. A statistical relationship was 
traced for 9) per cent of the neuronal pairs covered by one-elec- 
trode recording and 35 per cent of the pairs recorded with two elec- 
trodes. In the latter instance the most important was the distance 
between the electrodes. The increasing distance caused the num- 
ber of the correlating neurons to decrease; with the electrodes 
more than 1 mm apart, the relationship did not show up. 

The effect of distance was discovered also in a study on medul- 
lary neurons in the cat (Vachon and Duffin, 1978). Of the 29 
neuronal pairs recorded by two electrodes variously spaced from 1 
to 4 mm from each other, only three exhibited the dependent rela- 
tions. Analysis of the seven neuronal pairs recorded by means of 
one electrode revealed the dependent relations in five of them. 
The striking fact about these relations was that in distant neu- 
rons the relations, if any, were excitatory, whereas in the neigh- 
bouring neurons four of the relations were inhibitory and only 
one was excitatory. 

The assumption that seems most probable from the above evi- 
dence is that the cross-correlations reflect the density of interneu- 
ronal connexions. If there exists a hypothetical third source, pre- 
sumably as a regulating neuron or an extracortical source, the 
principle of reciprocity is ruled out as regards intercortical con- 
nexions (Szentagothai, 1970; Szentagothai and Arbib, 1974). 

Asanuma and Rosen (1973) provided data that are as interest- 
ing as they are unique according to the method used there. The 
data corroborate the immediate interaction of neurons in the cross- 
correlation analysis. The authors studied the cat motor cortex neu- 
rons with a tungsten electrode to keep intracellular recording. The 
stimulating current intensity was 2-2.5 times above the threshold 
values to induce a postsynaptic potential designated as mono- or 
polysynaptic on the strength of respective latencies—below or 
above 1.3 msec. The monosynaptic PSP region had its limit in 
space at 0.5 mm away from the stimulation site and the polysynap- 
tic effect was observed within a 1.0 mm distance from the site. 
Barely one third of the investigated neurons showed a monosynap- 
tic PSP. The authors carried out a series of experiments in which 
the stimulating electrode recorded multineuronal activity with 
large-, medium-, and small-amplitude spikes and the second elec- 
trode registered excitatory PSP (EPSP) of the neighbouring neu- 
ron. The analyser beam was triggered by separate spikes of a 
series picked out from multineuronal activity and accumulation was 
achieved by PSP delivered from the second electrode. Not all of 
the separated impulse series evoked PSP in the neighbouring cell. 
Of the 19 pairs of neurons eight pairs exhibited a correlation con- 
nexion, and all eight of which proved to be monosynaptic. The 
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neurons with polysynaptic connexions failed to show PSP correla- 
tion with extracellular spikes. 

The above evidence describes the cross-correlation method as 
a potent tool in studying close-spaced neighbouring neurons. It 
lends weight to the assumption that monosynaptic connexions are 
functionally more effective than the influences exerted via polysyn- 
aptic pathways, and occur more frequently between neighbouring 
cells. 

In Livanov’s laboratory (Livanov, 1975) the relations between 
the impulse series of two neurons located in different projection 
areas of the cortex are used to define the periodicity of excitation 
in the cortical neurons. Spatially separated neurons activate one 
another with a periodicity of 2 to 5 Hz. Basing himself on the find- 
ings of cross-correlation analysis of impulse trains of two neurons, 
Livanov (1975) outlined a supposition about differentiated impul- 
sation as he observed the dependence of a neuron’s impulse upon 
one among a hundred impulses of another neuron. To put it dif- 
ferently, in a homogenously manifested impulse train there were 
found pulses with varied functional significance in terms of propa- 
gation pathways. On that assumption, any impulse series generated 
by one nerve cell, especially a cortical cell, should be seen as an 
information set containing several complex-coded messages. The 
important deduction from this is that, when we analyse the activity 
of a nerve cell by different parameters of impulse activity, we 
every time actually recover from the impulse train messages of 
different content. Then it is correct to consider as truly network 
neuronal properties those which are displayed in the process of 
studying interneuronal relations. 

The results obtained from the correlation of cross-interval his- 
tograms with quantitative parameters of an individual cell such as 
mean impulsation rate, post-stimulus histograms (PSH), and in- 
terval histogram (IH) have shown that not only does the cross- 
analytical method offer an objective portrayal of the organization 
of neuronal microcircuitry, but it also gives an idea about qualita- 
tive properties of systemic neuronal activity. Studies by Griffith 
and Horn (1963), Wyman (1966), Perkel et al. (1967) and other 
authors contain data to the effect that the nature of the activity 
coming from an individual nerve cell does not correlate with the 
indices of neuronal statistical connexions and does not control in- 
terneuronal relations by cross-correlation analysis. 

Work by Rapoport and Silkis from our laboratory has provided 
new data on the correlation of cross-interval histograms with the 
autocorrelograms of cortical cells in the visual cortex of a cat. The 
types of the interneuronal connexions showed no dependence on 
the distribution pattern of the interimpulse intervals. The same 
form of dependent relations between two neurons could be observed: 
for different types of autocorrelograms. 
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We have already seen that the statistical method, by virtue of 
being an indirect method of research on interneuronal relations, 
requires further evidence to substantiate its physiological impor- 
tance. The direct way of analysing the ftinctional connexions be- 
tween neurons would call for recording of the postsynaptic poten- 
tials through one electrode tapping into the cell. 

We have managed to find the only study investigating the func- 
tional connexion of neurons in the neocortex with reliance on in- 
tracellular characteristics. Raabe (1974) described the _ rela- 
tionship between postsynaptic potentials in the motor cortex of 
anaesthesized cats. Her equipment featured a double-barrelled glass 
microelectrode with a tip spacing of 80 um. Overall, three pairs of 
neurons were investigated and in none of them was there any 
traceable connexion between the action potential of one neuron 
and the postsynaptic potential of another neuron. Stimulation of 
thalamic nuclei (specific and non-specific) induced either simulta- 
neous or independent hyperpolarization in the neuronal pairs inves- 
tigated. 

Some studies examined functional connexions according to the 
correlation between extracellular spikes and postsynaptic poten- 
tials. Mendell and Henneman (1971) studied the dependence of 
motoneuronal EPSP on the impulses induced in a single fibre of 
the dorsal root in cats. One fibre has thus been found to send out 
terminals to 300 motoneurons and one motoneuron to be connected 
with 60 fibres. Jankowska and Roberts (1972) used this method. 
to identify a relationship between an inhibitory interneuron and a 
motoneuron in the cat spinal cord. They activated the interneurons 
by ionophoretic glutamate application while keeping an ongoing 
record of the postsynaptic potentials of the motoneuron from each 
of the spikes produced in the interneuron. A unitary monosynaptic 
IPSP would appear in those motoneurons whose distinctive char- 
acteristic was a disynaptic IPSP due to the activation of Ia af- 
ferents. 

Most probably, the direct intracellular investigation of interneu- 
ronal relations potentially goes beyond the data outlined in the 
foregoing. There is no doubt, however, that such studies are few- 
er in number than those concerned with the cross-correlation 
analysis of two impulse trains. The reason for the limited applica- 
bility of the intracellular method should be sought in the technical 
complexities besetting such experiments. What seems to us essen- 
tial is that the method of direct analysis renders neuron activity 
and the dynamics of plastic readjustments in neuronal interaction 
closed to long-term observation. 

To generalize on the data available in the literature with regard 
to multineuronal activity and cross-correlation analysis, both can 
be justifiably regarded as adequate and meaningful approaches 
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that offer key insights into the structural and functional organi- 
zation of the cortical microcircuits. As a physiological concept, the 
neuronal circuit is currently in the process of change from its form- 
er realm of theoretical and model conceptions to a novel area 
where it is going to be studied experimentally and its functional 
properties quantized. 

Hitherto discussion has centred on the mathematical procedures 
to explore interneuronal connexions and the criteria guiding phys- 
iological interpretation of statistical data. But, unless supported 
by additional information about the morphology and localization 
of the two neurons whose functional relations are being established, 
statistical computations are to some extent isolated. Supposing 
two motor-cortex neurons have been identified and the cross-corre- 
lations between them investigated but with no data available on 
their types and spatial interrelations. What are the messages it 
conveys, physiologically? There is only one, and it tells whether 
there is a functional connection between them. To this one 
may add some idea about the character or type of the connex- 
ion, if there is any, and go on to specify it as excitatory or inhi- 
bitory. For all that, any speculation on the functional organization 
of the neurons in a cortical projection area or a neuronal micro- 
system will be groundless and unconvincing. In itself, the neuronal 
pair represents the minimal number of elements sufficient to judge 
only the validity of using statistical techniques for the analysis of 
the system (interconnected) activity of neurons but insufficient 
for the description of a structurally delineated group of neurons. 

There are studies in the literature addressed to interrelations 
among three neurons or more (Gerstein, 1970; Gerstein, et al., 
1978). The studies, however, have relied on models and computer- 
based techniques. In physiological experiment, research on the 
forms of cortical neuron integration in a microsystem seems dis- 
tinctly possible in conditions of multineuron registration that lends 
itself to the isolation of at least three impulse trains, each identi- 
fied by morphophysiological properties of neurons. By morphophys- 
iological properties we mean neuron size and parametric proper- 
ties: mean frequency, responsive capacity, and distribution of in- 
tervals. 

In the field studying the activity of cortical neurons on the ba- 
sis of multineuronal recording data there are two distinctive ap- 
proaches to the analysis of functional connexions. One of these 
concentrates on the types of connexions, classifying them into ex- 
citatory, inhibitory and composite. A second approach seeks to de- 
scribe separated neurons morphologically and categorizes them on 
the basis of spike amplitudes with the classes of large-, medium-, 
and small-size neurons. 
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The statistical analysis of functional connexions among the 
three classes of neurons reveals their network properties, the pro- 
perties of cells recognized by amplitude or size that are important 

for an understanding of 
N their synaptic organiza- 
14 tion. The network proper- 
ties are construed here as 
including the ratio and 
quantity of inputs and 
outputs of individual neu- 
rons in a three-neuron sys- 
tem, which allows’ the 
state of four connexions to 
be described for each ele- 
ment of the microsystem. 
Of the four connexions, 
two relate to the input and 
the other two to the out- 
put forms of impulse in- 
fluences. 

Research findings on 
background activity in 
alert cats show differentiat- 
ed and characteristic net- 
work properties for every 
class of cortical neuron. 
Irregardless of what par- 
ticular projection area was 
observed, all small neu- 
rons experienced influences 
5 exerted by their neigh- 

bouring neurons. In other 

Fig. 3.6. Input-output correla. Words, their inputs exhib- 

tion of functional connexions in neurons’ ited superior activity rela- 

at different projection zones of the neocor- tive to the outputs. In any 

tex. case, this was the picture 
Ss-m.c.—sensomotor cortex, v.c.— 


visual Cortex, ory cores N, Nz and obtained in the sensomo- 
Ng are large-, medium-, and small-size neurons res- : it 

pectively. Open columns denote input connexions (to tor, visual, and auditory 
the neuron) and hatched columns identify output cortex in the cats main- 


connexions (from the neuron). tained in the alert state. 

Larger-size neurons, those 
of large and medium amplitude, mostly revealed the inverse pattern 
of relationships so that their output activity had an advantage over 
the inputs. At the same time, the network properties of the large 
and medium neurons indicated their distinctive ways of function- 
ing in the microsystems of various projection zones. And, just as 
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the medium-size neurons displayed similar network properties in 
the auditory and sensomotor cortex, so too in the large neurons 
the similarity was quite obvious in the visual and auditory cortex 
(Fig. 3.6). 

Considering these data, it seems likely that the neurons of dif- 
ferent classes participate differently in the organization of the in- 
tegrative activity of the respective projection zones, though afferent 
stimulations may be responded to in a like manner by all of them 
in terms of type and latency of the response. The point must be 
re-emphasized here that the network properties of neurons which 
depend on their functional relations are unpredictable from data 
on their individual (parametric) characteristics such as mean rate 
of impulsation or poststimulus and interval histograms. 

A detailed analysis of neurons’ association into a microsystem 
in terms of types and directions of connexions brings to light such 
a complex picture of neuronal interrelations as to demand a spe- 
cial discussion. But in order to obtain a general notion about pos- 
sible forms of neuronal organization in the cortical areas, it suf- 
fices to deal with the distinctive features of connexions within 
and between microsystems which come into focus in a statistical 
investigation of multineuronal activity. 

A comparison of connexions between neurons irrespective of 
their size differentiation draws attention first of all to the signifi- 
cant fact that neuronal interactions are more evident in the cortical 
microplots with neuronal disposition in groups, than with their 
location in different microplots (Fig. 3.7). Such a multidirec- 
tional and intensive form of connexions in the neuronal micro- 
system persists and moreover intensifies with the development of 
conditioned activity. If examined in isolation, the microsystem 
could be seen to have a certain tendency in the pattern of change 
of the interneuronal connexions. As reflex elaboration and consol- 
idation proceed, the connexions become increasingly strong at the 
expense of the influences of the excitatory type. Even with an 
inhibitory conditioned reflex the tendency persists. But, oddly 
enough, the neuronal interconnexions between the microsystems 
are not enhanced, though they do undergo qualitative restructur- 
ing. With the inhibitory reflex, however, the interneuronal connex- 
ions that hold the microsystem together tend to decrease consid- 
erably. 

The above data reveal only a very general and far from complete 
idea as to the possible form of integrative operation of cortical cells. 
They do provide, nonetheless, sufficient evidence for a number of 
conclusions based on the morphophysiological characteristics of 
multineuronal activity and the information available about the tri- 
neuronal type of representation for the activity of local neuronal 
groups. 
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First, in the microsystem of cortical neurons there exist func- 
tionally detached classes of neurons with differentiated network 
properties. 
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Fig. 3.7. Correlation of neuronal connexion types at different 
stages of motor reflex conditioning and extinction. Auditory cortex, chronic- 
ally implanted electrodes. Clicks were combined with electrical skin stimula- 
tion, making an ongoing record of multineuronal activity and of the myo- 


gram of the stimulated paw in the cat. 


A—types of connexions in the cortical microplot underlying one of the 
electrodes; B—types of connexions between neurons in different cortical microplots; 1—before 
pairings; 2—at the period of stimuli pairing until conditioned reflex has appeared and con 
solidated; 3—at the stage of consolidated conditioned reflexes; 4—at the stage of extincted 
conditioned reflex. Oblique hatching denotes inhibitory connexions, cross-hatching identi- 
fieos composite inhibitory-excitatory connexions; dark columns designate’ excitatory 
connexions, and open columns designate the lack of connexions. 
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Second, neurons in a microsystem are more tightly connected 
than neurons in different microsystems. 

Third, any functional connexions among cortical neurons are 
subject to plastic readjustments. 

The last two conclusions may be of use in drawing up a possible 
scheme for the propagation of impulse trains through cortical cells. 

From the experimental data such a scheme would depict excita- 
tion as capturing areas in the neocortex with some delay at the lat- 
ter’s microplots, and not uniformly. With respect to the specific 
spreading pattern of afferent excitation, the involvement of neu- 
rons in the activity must be shown in the scheme as saltatory and 
proceeding by leaps from one microsystem to the next. It is as 
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though every microsystem served as a trap of sorts for the excita- 
tion, in which the latter were to be driven through filtration, owing 
to the different-type reciprocal connexions present (Batuev and 
Pirogov, 1979). 

In any ‘neuronal trap’ information processing takes time, the 
time factor depending presumably on the effective functional con- 
nexions among the neurons in the microsystem. The latter were 
shown earlier to be formed as adaptive reactions develop. 

The neuronal microsystem has been used as an example to 
demonstrate the specific character of possible circuits of interneu- 
ronal connexions and their dissimilar developmental patterns under 
different conditions of exposure influencing the nervous system 
(Gassanov et al., 1979). The specificity of the interneuronal orga- 
nization may be seen as a neurophysiological expression of the 
processes bound up with the analysis of a stimulus for its signal 
properties. From such a viewpoint the microsystem constitutes a 
functional unit and the locus of an elementary analysis of the stim- 
uli as to their biological implications. Probably, the complexity 
of the system or interconnected activity of a microsystem is a con- 
straint on the time of the analysis in it. As concerns the connexions 
between microsystems, their investigation has as yet been limited 
in scope. A comparative study of such connexions in the auditory 
and motor areas of the neocortex in the cat was accomplished by 
Galashina and Bogdanov in our laboratory. They showed that, in 
the motor cortex, the connexions become detectable over longer 
distances than they do in the auditory cortex. Furthermore, the 
statistical indices of the dependent relations were often found to 
have the same character as in a single microsystem taken in isola- 
tion. The short temporal parameters disallow the supposition of 
any sequence in which microsystems join in their integrative opera- 
tion, though differences in the time course of the microsystems ac- 
tivation have been observed in some instances. 

In this context, the research results are interesting that are de- 
voted to connexions between neurons located at different areas of 
the neocortex (Zhadin et al, 1973; Livanov, 1975; Mer- 
zhanova, 1979). In the statistical analysis of the _ inter- 
relations between spatially removed neurons, the correlation indices 
appeared at large time intervals in the order of tens of milliseconds. 
One of the explanations for the delays may be seen in the existence 
of the ‘neuronal traps’. It could be that the spread of excitation 
from one cortical zone to another progresses with delays in the 
microsystems, needed for the recognition and collation of signals. 

Many of the questions bearing on the theory and recording meth- 
ods of multineuronal activity still need to be explored and elab- 
orated in future studies. Nonetheless, enough experimental mate- 
rial has been accumulated to date to feel reasonably certain of the 
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potency of the analysis of multineuronal activity as an effective tool 
of research in neurophysiology—a discipline which hitherto has 
been burdened with generalities like network, system, and in- 
tegrative activity. e 

Experience shows that multineuronal activity and the appropriate- 
mathematical procedures for its analysis create between them a sol- 
id foundation for the understanding of the physiological principles. 
of neuronal integration. It likewise suggests that ‘system’ and ‘sys- 
tem activity’ become meaningful concepts with realistic and ob-. 
jective connotations. 
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4 Adaptivity and Dynamic Properties 


of Visual Cortex Neurons 


I, A. Shevelev, p.se. (Biol) 


Major advances in research into visual cortex neurons as 
detectors (Hubel and Wiesel, 1962, 1965; see the review: Stone 
and Freeman, 1973; Shevelev, 1976; Supin, 1974) tuned on definite 
line orientations and directions of stimulus movement and 
its spatial frequency have brought forth the now widespread 
perception of the neurons’ significant rigidity and operation 
precision as well as invariance of their performance as detectors. 
There has been an increasing body of evidence over the recent 
years, suggesting high flexibility and plasticity in the properties of 
visual cortex neurons, and not only in early ontogenesis, but also 
in the adult animal. These data properly refer to the variation of 
the cells’ receptive fields (RFs) with different levels of visual adap- 
tation (Sasaki et al., 1971; Shevelev et al., 1974, 1977; Shevelev, 
1976; Shevelev and Maximova, 1979; Shevelev and Verderevskaya, 
1979), change in the level of alertness (Robertson, 1965; Verderev- 
skaya, 1978; Shevelev and Verderevskaya, 1979) and contrast be- 
tween stimulus and background (Shevelev et al., 1980). 

We mean that many factors modify not the maximal (‘morpho- 
logical’) receptive field of a neuron limited by the sum of all 
receptors with a potential capacity to send their signals to it via 
the intermediate level cells. It should be pointed out that under 
different conditions we reveal one of the neuron’s multiple ‘func- 
tional’ RFs that occur within the maximal RF (Shevelev et al., 
1974, 1980). An important reservation is that the flexibility and 
plasticity of the cortical neurons are taken to mean here as fast- 
working commutations of connexions responsible for RF functional 
reorganization (Bullok et al. 1977), and not just their compara- 
tively slow readjustments, brought about by learning or training. 

The understanding of the flexibility, plasticity and dynamic prop- 
erties of cortical neurons underlying the mechanisms of adaptivity 
is of prime importance also in elucidating the mechanisms of 
conditioning which involve, as an essential element, modification 
of the neurons’ properties and connexions in the cortical projection 
of the conditioned stimulus. 

The specific aim of the present paper is to summarize our data 
about considerable adaptivity of the cat’s visual cortex neurons 
and their tuning to changing tasks solved by the animal’s vi- 
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sual system and organism in various conditions. It seems appro- 
priate to cite here also some data on the dynamics of neuronal pro- 
perties during the period of response development. Finally, 
data on the psychophysics of human visual perception are 
included here aS a necessary input for the assessment of the be- 
havioural significance of the neuronal properties being studied. 


4A. METHODS 


The neuronal part of the present study was accomplished 
in acute experiments on adult cats immobilized with 0.15 ml/kg of 
d-tubocurarine in a 10 per cent solution. The animals received no 
general anaesthesia and had the sites of incisions and painful points 
on the head thoroughly infiltrated with a long-acting anaesthetic 
(0.5 per cent celnovocain). They were intubated and changed to ar- 
tificial respiration, their rectal temperature kept constant (38°C) 
throughout the experiment by means of an ultrathermostat. The 
state of the brain and the level of alertness were monitored by 
EEG. The third eyelid was removed and the eyelids opened; a con- 
tact lens was put on one eye, the pupil was dilated with an 0.1 
per cent atropine solution, and the second eye was covered with 
an opaque partition. 

The skull was trephined over the primary projection region of 
the visual cortex (area 17): P-0.5; L-0.5 + 2 mm, or, in some of 
the experiments, over the posterotemporal gyrus (area 21): P-1.0; 
L-12.0 mm. In control experiments on lateral geniculate body neu- 
rons (LGB) electrodes were inserted to the point with the coordi- 
nates: A-7.5; L-10.0, H-12.5 mm (over ‘Horsley-Clarke’s O’). The 
cat’s head was rigidly fixed in an CTM-3 stereotaxic apparatus and 
the coordinates were determined from the Jasper and Ajmon-Mar- 
san atlas. In some of the control experiments the head was fixed 
with a metal platform attached to the skull by duracryl, whereon 
the manipulator with the electrode was mounted in that case. In 
most experiments an CTM-3 microdrive was employed for micro- 
electrode penetration at 5 pm steps. 

The microelectrodes were either glass, filled by 2.5 M NaCl solu- 
tion with the resistance of 5 to 15 mOm at the frequency of 60 Hz, 
or acetate-coated tungsten with the resistance of 1 to 5 M. Through 
a cathode follower and amplifier of the ‘Biophas-IV-2-4’ oscilloscope 
(Alvar, France) extracellularly recorded impulses were fed to a 
threshold former. Standard impulses were given on-line into a 
KVT-250M analyser (SAIP, France), or modulated the beam of 
an RF’s express map recorder (Meshcheryakov et al., 1977). 

In some experiments the impulses were fed into an IN-90 mini- 
computer (Interthechnique, France) for a more elaborate proces- 
sing (see below). The common procedure was to store PST-histo- 
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grams of neuronal activity (from 20 to 30 realizations) in the anal- 
yser or computer. They were used to estimate the average number 
of impulses and their maximal frequency in a particular burst 
or in the total neuronal response, as well as in estimation of tem- 
poral reaction parameters, such as the initial and peak latencies of 
every burst and the time of its cessation. 

The experiments were carried out in a light- and sound-proof 
screened chamber at three levels of visual adaptation, namely pho- 
topic (3-10 lx on a white reflecting screen with the reflectance of 
0.95), mesopic (0.01-0.1 lx), and low scotopic (practically dark). 
The needed screen illumination was provided by a separate light. 
source with a stabilized controlled feeding. The light stimuli, in 
the form of local light bars of variable size, orientation and loca- 
lization in the visual field, were presented monocularly on a 
white reflecting screen 60X60 degr. in angular dimension. Their 
intensity and contrast with the background were controlled over 
a wide range (60 dB), using calibrated neutral glass density filters 
with a step of 2 dB or greater. In some cases, a polaroid optical 
wedge was used for more precise adjustment of the stimulus con- 
trast against a changing background. The exposition varied in dura- 
tion from 10 to 1000 msec. Also, images with different trajectories 
of movement and speeds (0.5 to 50 °/sec) were used and, to assess 
the neuron’s directionality, different-size spots were moved about in 
various directions through the RF centre. In express mapping the 
light bar scanned a pre-selected area on the screen. In the latter 
case, the beam of the recording oscilloscope traced out the same 
trajectory, its brightness modulated by neuronal discharges (Me- 
shcheryakov, 1977). The duration of the scanning operation, i.e 
recording of an RF’s express-map, would usually range from two to- 
three minutes, depending on the scanning speed and scale. 

In computer-controlled experiments, the position of the stimulus 
on the screen, the trajectory and speed of its movement, and the ex- 
position were set in conformity with one of the programmes which 
the computer selected and parameterized according to the pre-asses- 
sed properties of the neuron RF and the experimenter’s instruc- 
tions. The hardware in all experiments included a universal pho- 
tostimulator (Shevelev et al., 1976) with a two-coordinate mirror 
galvanometric system and an electronic shutter. The stimulator 
was driven by two low-frequency function generators (I-6-15 and 
HTIIK-3) and a Physiovar electronic stimulator (Alvar, France); 
in the computer-controlled experiments this was done by the IN-90 
minicomputer (Interthechnique, France) through a specially de- 
signed controller *. 

The author acknowledges with gratitude G. A. Sharaev and 


M. F. Pyshny who developed the controller and the programme package for 
the controlled experiment. 
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For a part of the experiments, the information obtained was 
stored on magnetic tape (an SDR-41 recorder, Nihon Kohden, Japan) 
and then fed into the computer for processing. The RF express 
maps were recorded on photographic filnf. The outputs of comput- 
er processing were stored on floppy discs and magnetic tape and 
printed out with a high-speed alfanumeric or x-y plotter. 

At the onset and end of each experiment and, if necessary, many 
times in-between, projection ophthalmoscopy (Fernald and Chase,. 
1971) was applied to correlate the retinal and screen coordinates and 
determine the optical power of the correcting lens which was then 
mounted in front of the contact lens. In several experiments the 
horizontal EOG component was recorded to allow the assessment 
of possible residual eye movements. 

In total, the present work has absorbed data of 230 experiments 
obtained in detailed studies of 563 single units in area 17 of the vi- 
sual cortex, contralateral to the stimulated eye, and of 103 units in 
area 21. The length of neuronal activity recording varied from tens 
of minutes to 4-5 hours. The work with each cell began with a 
qualitative appraisal of key characteristics of its RF in a light ad- 
aptation conditions, i.e. the size, shape, orientation and localization 
in the visual field, preferred velocity and stimulus direction of move- 
ment. With this as a basis and with account taken of the frequency 
of background discharges and the acuity of detector tuning, RFs 
were classified according to their degree of complexity (Hubel and 
Wiesel, 1962, 1965). Following the preliminary qualitative apprais- 
al of the neurons’ properties, a detailed quantitative analysis was 
performed on the latter’s characteristics. 

In psychophysical experiments on adult healthy subjects we 
tried, as much as possible, to adhere to the same light stimulation 
schedules as in the neurophysiological experiments on cats. This 
involved using either the same universal photostimulator or a three- 
channel tachistoscope to study the influence of various factors on 
the parameters of recognition by human subjects of the shape, 
orientation or size of the visual stimulus. 


4.2. RESULTS 


I. Adaptational changes of visual cortex neuron RFs. 
Mapping the RFs of neurons in the primary projection region of 
the visual cortex (area 17) under various adaptation conditions 
showed the RFs to go through a major reconstruction in the over- 
whelming majority of the instances. When passing from the photo- 
pic to mesopic light adaptation environment, in almost 70 per cent 
of the neurons, their RFs underwent, within tens of seconds, a cer- 
tain expansion; their shape became more simple, changed from 
elongated to circular or elliptical, and the acuity of orientational and 
directional tuning of the neuron in question was reduced (Fig. 4.1). 
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Fig. 4.14. Adaptational changes of the receptive fields (RFs) and 
detector characteristics of neurons in the cat visual cortex. 


A—threshold excitability reliefs of several neurons, the abscissa—distance 
from the RF centre in degrees, the ordinate—threshold of the neuronal reaction to local 
stimulation in dB of attenuation of maximum light intensity, taken as 0 dB. Dark adap- 
tation; B—same as in A for one neuron in a dark (black dots) and light (white dots) adapta- 
tion; C—distribution of neurons according to maximum RF dimension in con- 
ditions of light adaptation. The abscissa—RF diameter in degrees, the ordinate—percent of 
neurons to the total number of studied neurons; E—same as in C, in conditions of dark adap- 
‘tation; D—correlation of RF area (in degrees?) in dark (abscissa) and light (ordinate) adapta- 
tion. Each point designates data for one neuron. The equality of RF areas in the two 
‘conditions is shown by a _ broken fine; F—measurement of the characteristics 
of orientation tuning of the neuron. The abscissa—turning angle of the light bar 
flashing in RF, in degrees; the horizontal orientation of the slit is taken as 0° and the vertical] 
-as 90°, ordinate—relative frequency of neuronal discharges; F),— the level of background 


activity, 0—response to non-preferred and 1.0 to preferred orientation, F)»—preferred orien 
‘tation, F,—width of orientational characteristics by the 0.66 level; G—example of change 
in orientational tuning of the neuron when passing from light (white dots) to dark (black 
dots) adaptation. The axes are the same as in F (the ordinate is in imp/s); H—change of the 
‘total characteristic of orientational tuning when passing from dark (abscissa) to light (ordi- 
nate) adaptation. Each point designates data for one neuron. Marked improvement of orien- 
‘tation detection parameters in light is clearly evident; [—distribution of recorded neurons (by 
preferred directions of stimulus movement in dark (on the left) and light (on the right) adap- 
‘tation. Plotted on the axes is probability of detection in a cell population of a specific pre- 
ferred directionality. 
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It should be pointed out that under the same conditions nearly 
one fifth of the cells under study exhibited directly opposite changes 
of RFs and detector properties, and only 10 per cent of the 
neurons did not rearrange their RFs in any significant manner. Ex- 
periments with equal contrast between stimulus and background 
revealed that the adaptational RF readjustments described above 
did not disappear after the contrast equation, that is, were not de- 
termined by this factor. 

Further diminution of the adaptation background from the me- 
sopic to the extremely low scotopic level (actually to darkness) 
caused neither additional RF expansion, nor the reduction of detec- 
tion acuity in most of the cases. Conversely, in some of the cases 
the RFs even narrowed down slightly, still more often remained 
unchanged. 

It is important to note that not only the detector characteristics 
of each cell, but also the capacity of the whole population to 
abstract certain parameters of the signal at the day-light level of 
illumination improved substantially and the population was spe- 
cialized as it were (Fig. 4.1, J). 

An important point associated with the use of light stimuli at a 
low adaptation background is one of light scatter in the eye media. 
Potentially, it can imitate the effect of RF enlargement due to neu- 
ron stimulation with diffuse light reaching its RF in stimulation of 
remote points in the visual field. 

Drawing on the data about the light-scattering gradient in the 
cat retina (Robson and Enroth-Cugell, 1978) and our own mea- 
surements of the gradient of light scattering over a screen, caused 
by imperfection of the stimulator optics, we have been able to see 
in what instances these factors could lead to an artifact ‘seeming’ 
expansion of the RF threshold reliefs. It turned out that in the ma- 
jority of cases diffuse light of near-threshold intensity, delivered 
to the RF surround, had been too weak to elicit a supra-threshold or 
threshold reaction of the neuron through its action on the RF cen- 
tre (Shevelev, 1980). An important testimony against the decisive 
role of diffuse light in RF enhancement in the low background con- 
dition lies in the fact that the mesopic background, as distinct from 
the dark one, fails to set off a major RF readjustment, though the 
relative role of diffuse light falls dramatically. It should be recalled 
also that in some of the cases we obtained adaptational RF changes 
opposite to the typical ones—those directed against the influence 
of diffuse light. In a minor group of neurons the adaptational 
RF changes did not become manifest at all. All this leads us to 
believe that the aforementioned data do reflect faithfully the con- 
siderable adaptational variability of neuron RFs in the cat visual 
cortex, though the prevalent view to date has asserted the presence 
of such properties in the retinal and LGB neurons alone. 
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If. Animals’ alertness level and the RFs of visual cortex neu- 
rons. We thought it important to find out whether the input sys- 
tems of visual cortex neurons were subject to readjustments in 
other conditions than the purely visual adaptation situation. To 
put it differently, the question was: are there any other drives to 
the intracortical mechanisms for these neurons’ RF modulation? 
To answer the question, experiments were performed at varying 
levels of alertness in the animals. 

In order to increase the alertness relative to the control, we re- 
lied on a weak tactile stimulus—an air-puff at the corner of the 
occluded eye (not used for light stimulation). In humans, this re- 
sults in feeble eye contraction and a slight unpleasant sensation. 
Immediately after the air-puff exposure a series of RF express- 
maps of the cat neuron were recorded to permit defining the dy- 
namics of RF post-exposure changes, compared to the control mea- 
surements. 

In some instances, spontaneous RF changes unrelated to any con- 
trolled impacts, were also recorded with a view to gauging variabil- 
ity of the control estimates. As a rule, these changes did not ex- 
ceed 10 to 15 per cent of the RF area. 

Following the air-puffs, we found distinct and lawful (repeated) 
RF changes in a great majority of the cases. Varied in duration 
from 15 to 30 minutes, the changes would most frequently involve 
reduction of the excitatory centres and extension of the inhibitory 
surround (Fig. 4.2). Much less frequently (21 per cent of the 
cases) the RF changes came through with the opposite sign or not 
at all (5 per cent of the cases). Significantly, all these RF rear- 
rangements with the increasing alertness level could be clearly seen 
at all three visual adaptation levels—dark, mesopic and photopic. 
In response to the airpuffs the RF length (the greater dimension) 
varied most and the RF width (the smaller dimension) somewhat 
less. It is worth noting that in some of the cases (29.1 per cent) 
the greater and smaller RF dimensions changed post-exposure in 
opposite directions or one of them changed and the other did not 
(22.7 per cent). 

In order to produce an opposite effect, that is, to reduce the alert- 
ness level in an animal we applied intravenous injection of the nar- 
cotic drug sombrevin at a low (1.0 mg/kg) dose which induces in 
humans only a brief (several minutes) loss of consciousness. It 
was found that in 57 per cent of the units with excitatory RF cen- 
tres this had been followed by the latter’s expansion lasting 5 to 
30 minutes. In the rest of the neurons of the same type the RF cen- 
tres contracted for some 20 to 30 minutes. The inhibitory RF cen- 
tres would most typically increase in area (67 per cent) though in 
one third of the cases their area decreased. As regards inhibitory 
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Fig. 4.2. Changes of RFs of visual cortex neurons with a chang- 
ing level of animal’s alertness. 


A-—examples of RF express-maps of one of the neurons in a quiet state of 
the animal (C) and at different time intervals (figures in minutes over the maps) after the 
exposure to a weak tactile stimulus (air-puff, D) increasing the level of alertness; F—back- 
ground activity. Calibration of RF—10°; B—same as in A for another neuron, after the 
action of a light narcotic drug, sombrevin; C—changes of RF horizontal (abscissa) and vertical 
(ordinate) dimensions after enhancement of the alertness level. Data for RF excitatory cen- 
tres. Taken as 0 are control RF dimensions in degrees; D—same asin B, but for RF inhibi- 
tory areas (more often, RF surround); E and F are same as in C and D (respectively), but after 
reduction of the alertness level by injection of sombrevin. 
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RF surrounds with an excitatory centre, they alternately widened 
and narrowed in almost equal proportions (Fig. 4.2, B, E, F). 

To sum up the results derived in this part of the study, one may 
well state, as a first approximation, opposite RF alterations with 
increasing and decreasing alertness levels of the preparation, as 
the RF excitatory centres mostly shrank in the former and ex- 
tended in the latter case. It is noteworthy that the opposite, 
RF changes were frequently observed when studying the same neu- 
ron in both these situations (the air-puff and narcosis). Thus a 
variation of the alertness level produced changes in RFs of visual 
cortex neurons essentially similar to their adaptational readjust- 
ments in that the elevation of the alertness level (and an increase 
in the background illumination) resulted in RF narrowing in most 
of the cells, whereas the reduction of the alertness level (and also 
a decrease in the level of visual adaptation) induced the opposite 
effect. 

ITI. Characteristics of RFs of posterotemporal cortex neurons in 
the cat. It was thought of interest to compare the RF properties 
of the neurons in area 17 with their counterparts in area 21 (the 
posterotemporal cortex) both with regard to their adaptivity and 
several other characteristics as well. As is known, area 21 has vi- 
sual inputs but beyond that is closely connected to other (auditory, 
in particular) systems (Artemenko and Mamonets, 1972; Manasyan 
and Shevelev, 1981). Neuronal RF mapping in this area has re- 
vealed them to be similar in a number of ways to the cells in area 
17, but also to have several basic distinctions. 

The RFs in the posterotemporal cortex varied broadly in size 
and shape; some of them were of the rhomboid shape previously 
unobserved in the primary projection region. In average size, 
these RFs were much greater than those in area 17 at light 
adaptation but were likewise dependent on RF eccentricity 
in the visual field. It is very important that in the major- 
ity of instances (88 per cent) the area 21 RFs did not change, 
that is, had been invariant to the level of visual adaptation. It 
should be remembered that in area 17, conversely, 90 per cent of 
the units exhibited significant adaptational modulation of their RFs. 

A distinctive feature of the neurons in area 21 stemmed from 
great variability of their RFs in the absence of controlled experi- 
mental impacts or EEG-revealed changes in the state of the brain. 
The effect showed itself as alternate appearance and disappearance 
of the neuron’s responses within its RF, which was why the record- 
ed field seemed to vanish for a few tens of minutes and then to 
reappear. What appears to be most interesting and functionally 
significant is that 14 per cent of the neurons in that area showed a 
shift of localization, in the visual field, of the RF recorded on the 
express-map. Such shifts were most thoroughly verified to make 
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sure that they had been caused by neither residual eye movements 
nor the drift of the mirrors in the stimulating apparatus. As will 
be seen in Fig. 4.3, D the distribution pattern of the amplitudes of 
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Fig. 4.3. Changes in the localization, in the visual field, of the 
neuron’s RFs of the cat posterotemporal cortex (area 21). 


A—express maps of the RF of one neuron taken at successive moments at 
intervals of several minutes. A shift of the area of excitatory responses in the tested part 
of the visual field is clearly seen; B—distribution of studied RF shifts by directions. Calibra- 
tion—number of RF shifts; C—same asin B, but with account taken of the amplitude of shifts 
(calibration in degrees); D—distribution of studied RF shifts by magnitude (abscissa in 
degrees). Ordinate—the number of cases. 


these shifts and the whole right-hand part of this distribution ex- 
ceeds by far those 3° which the maximum shifts of the eye and the 
stimulating apparatus could achieve if they coincided in time and 
direction. Importantly, the RFs shifted largely in the horizontal di- 
rection (Fig. 4.3 B, C), this being in line with the dominant direc- 
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tion of eye movements in a non-relaxed cat. It looks quite intrigu- 
ing to compare this effect with the action of the mechanism which 
ensures the constancy of visual perception when eye movements are 
on (of which more will be said in Discussion). 

IV. Dynamics of orientational tuning of cortical neurons in tem- 
poral microintervals. Thus far we have discussed plastic adaptive 
readjustments of neuronal RFs in the visual cortex and extra-stri- 
ate visual area which normally occur within seconds and tens of 
seconds but on occasion take tens of minutes. It seems obvious, 
however, that the readjustments of neuronal properties which come 
through within tens of milliseconds post-stimulation could be at 
least as important for brain activity. 

These fast dynamic readjustments of the detector orientational 
tuning of cortical neurons were analysed with a method of time 
slices previously applied by Podvigin (1979) to the analysis of dy- 
namics of LGB and retinal neurons’ responses as a function of a 
circular light spot diameter. Under the method, a particular func- 
tional characteristic of a neuron is estimated not by a total number 
or maximal instantaneous frequency of impulses in a reaction, but 
by the frequency of discharges. Aided by the minicomputer, we 
obtained from a series of PST-histograms of responses to flashing 
light bars of different orientation stored up in the computer memo- 
ry, a series of functional graphs that expressed neuronal activity 
frequency as a function of bar orientation in the first 20 msec after 
the stimulus, next 20 msec, and so on. 

The experiments showed, in a major proportion (93 per cent) 
of visual cortex neurons, the lack of any stable orientational tuning 
in time. The most characteristic change took place in the acuity of 
orientational tuning, i.e. the width of the orientational character- 
istic at the level of 0.66 of its peak. In dynamics, this characterist- 
ic suggested a sharp orientational tuning in the first few moments 
of response development by the time the burst of impulses had 
achieved maximum development (an increase in the frequency of dis- 
charges), the tuning acuity deteriorated markedly to increase again 
towards the end of the response (Fig. 4.4, A, B). 

On the other hand, two thirds of the neurons with their orienta- 
tional tuning produced the phenomenon of scanning in a_ spe- 
cific portion in the range of orientations. The effect comprised a 
gradually shifting maximum of the tuning curve in successive 
time slices, from some of the neuron’s preferred orientations to 
other ones, thus seemingly scanning the range. In most of the 
neurons that displayed the effect, the preferred orientation moved 
clockwise and in one third counterclockwise. The scanning range 
varied from 15 to 112° (most often, from 45 to 60°) and scanning 
speed averaged 1.25+0.3°/msec (Fig. 4.4, C—J). 
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One would think that the discovered effects of dynamic instabili- 
ty and readjustability in the orientational tuning of the cat visual 
cortex neurons may be indicative, first, of the readjustment of the 
neurons’ RFs in time microintervals where different RF areas ap- 
parently change asynchronously. Second, the data may suggest a 
basically new type of encoding information about the orientation 
of lines at the level of the orientation detectors in the primary vi- 
sual cortex. In addition to the obvious place coding of the informa- 
tion, one should also assume the existence of a temporal pattern 
code as a means to ensure higher coding reliability as well as 
greater ease of information read-out from the screen structures of 
area 17 in order to relay it to the next parts of the visual system. 

V. Some _ psychophysiological parallels. In the description and 
analysis of some new functional properties of individual brain neu- 
rons a question always arises as to the real functional and beha- 
vioural significance of the observed effects and regularities. Always 
one would like to take a further step to see if they amount to some- 
thing more than a purely laboratory phenomenon and whether the 
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Fig. 4.4. Dynamics of orientational tuning of visual cortex neu- 
rons. 


A—typical change of tuning width (ordinate in degrees, F, is same as in 
Fig. 4.1, F) with time (abscissa in msec). Curves on the right and left show the dynamics 
in the course of development of the first and second burst of impulses; B—same asin A for an- 
other neuron. 1 and 2—repeated control measurements; D-J—examples of preferred orienta- 
tion dynamics (in degrees on the ordinate in all graphs) for various neurons. J and 2—the 
principal and second preferred orientations; C—example of stable tuning. 
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properties of neuronal structures revealed in neurophysiological ex- 
periments on single neurons manifest themselves in human beha- 
viour and higher sensory functions. 

With the object to answer this question, experiments were con- 
ducted in our laboratory attempting to study several characteristics 
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Fig. 4.5. Psychophysiological manifestations of adaptivity of visual- 
cortex neurons in experiments with human subjects. 

A—dependence of the critical duration of presentation of geometric fig- 
ures necessary for their recognition (the criterion is 0.75 correct responses) upon the intensity 
of adaptational background (abscissa in lx on the white) in successive experiments (1-3); 
B—dynamics of recognition (1) and detection (2) thresholds for a letter combined, in the 
first experiment, with finger pain stimulation (the arrow). Abscissa—time in relative units, 
log. scale (the last point—30 days). Ordinate—intensity thresholds in lx; plotted downward— 
the decrease, and upward the increase of the threshold relatively to the recognition and detec- 
tion thresholds of two control (unreinforced) letters taken as 0. 


of visual recognition in man by the criterion of his verbal re- 
sponse. Shown in Fig. 4.5, A are data (Kamenkovich, 1979) on the 
dependence of critical time of the tachistoscopic exposure of geo- 
metric figures on background illumination in a series of successive 
experiments. It can be seen that within the range of low background 
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illuminations the recognition time shortens with the growth of the 
background, a finding inconsistent with the pattern of contrast varia- 
tion in that range. On the other hand, it is clear that training, or a 
progressively shorter recognition time from one experimental day 
to the next, occurs solely within the low illuminations (scotopic and 
mesopic) ranges. These developments may be revealing of the cor- 
tical nature of the effect and cortical RF readjustment in man with 
alteration of the adaptation background. Indeed, nothing but adap- 
tational changes in the extent and intensity of RF detector orienta- 
tional tuning can account for the reduced duration of recognition 
directed against contrast changes while the function’s trainability 
points to the cortical nature of the effect. 

Meshcheryakov (1977) found out conditioned dynamics for the 
parameters of recognition and detection of visible letters in man 
(Fig. 4.5, B). Upon reinforcement with a mild electrical shock a 
similar effect was obtained also using positive olfactory reinforce- 
ment of the image of one out of the three letters presented to a 
subject (with reinforcement applied only in the first experiment). 
The intensity threshold of recognition and detection of this letter, 
as opposed to the other two (control), changed significantly. Dur- 
ing the initial 1.5 to 3 hours the recognition threshold declined ap- 
preciably (i.e. recognition improved) and then kept increasing for 
a long time afterwards (the effect was followed up to one month). 
The letter detection threshold, i.e. the subject’s answer, ‘I see the 
flash but don’t know the letter’, changed in dynamics conversely 
to the recognition threshold. Presumably, the observed effects give 
signs of long-lasting readjustment of the RFs of visual cortex neu- 
rons in man, triggered by backward conditioned connexions. If one 
assumes that the RFs of some neurons, selectively involved in the 
process of recognition of precisely the reinforced letter, readjusted 
themselves under such modulating influences (first contracted and 
then expanded for long), this could explain not only the dynamics 
of the recognition thresholds, but also the opposite changes of the 
detection thresholds. They should by definition behave reciprocally 
so that improved recognition in the contracted and sharpened RFs 
will unavoidably impair detection because of reduced spatial sum- 
mation, and vice versa. 

An attempt to control RF dynamic readjustments of visual cor- 
tex neurons and their detector operations in temporal microinter- 
vals was made by Kostelyanetz and Kamenkovich (1982). Using 
the tachistoscopic method of presenting different-oriented lines, 
they showed the probability of error in their recognition by man to 
increase significantly at exactly those moments after the onset of 
stimulation when orientational tuning acuity (see Section IV of the 
present paper) of the cat visual cortex falls off. There is every rea- 
son to assume that dynamic readjustment in the properties of vi- 
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sual cortex neurons in temporal microintervals is the cause of the 
psychophysiological effect observed. 


VI. Direct measurements of RF dynamics in microinter- 
vals of time. We decided on the method of time slices for a study 
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Fig. 4.6. Dynamics of RF excitatory area of the cat visual cor- 
tex neuron. 


A—PST histograms of neuron’s discharges in response to stimulation of 
its RF points 1 and 2 (see on the schematic 0-20 msec maps in B); B—a series of computer RF 
maps obtained by the method of time slices in a controlled experiment. The time of the sli- 
ces in msec is indicated near the maps. Rate of blackening increases with the frequency of 
discharges. The flashing light stimulus is a 1 X 1° square; C—the area of RF excitatory re- 
gion of the same neuron (ordinate in degrees?) as a function of the time (abscissa in msec) 
after the start of the flash, its duration— 200 msec. Stimulus on- and off-moments shown by 


arrows. 


on RF dynamics of the visual cortex neuron. In a computer-control- 
led experiment the computer first scanned with a light bar the 
screen in front of a cat’s eye and then, after exploring the area of 
responses, i.e. of the cell RF, to the movement of the stimulus, 
turned to its detailed, point-by-point exploration. To do so, a local 
light stimulus—a small light bar or square—was flashed at every 
one of the 100 RF points of a 10 by 10 matrix in a random se- 
quence. In some measurement series the RF maps so obtained 
were also gauged for every neuron as a function of adaptation 
background and contrast as well as the stimulus intensity, size, 
orientation and length of presentation. With 100 PST-histograms 
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of the neuron’s responses to the flashes at each of the tested points 
stored in the computer memory, the latter went on to plot by suc- 
cessive 20-millisecond parts of the histograms, a series of 20 RF 
maps that reflected the state of the field at successive moments in 
time. 

It turned out (Fig. 4.6) that during the unit reaction all of the 
studied neurons in the visual cortex experienced regular and quali- 
tatively rather similar dynamic changes. In the first 20 to 60 
msec after the stimulus presentation the cell does not yet begin to 
respond (latency) and, consequently, the recorded RF of the neu- 
ron is not manifest at that time. But once the fastest-conducting 
parts of the unit inputs (in its RF centre, as a rule) begin to fire, 
a relatively small and centrally located zone of responses, or the 
recorded RF, makes appearance. The zone keeps expanding until 
reaching maximum and then begins to decrease due to the earlier 
termination of the reactions in the peripheral parts of the neuron’s 
inputs. The last phase consists in disappearance of the responses 
all over the field, i.e. the disappearance of the recorded RF. If, 
however, the neuron were to generate a second burst after some 
time, the above process would recommence. 

Similar dynamics of the RF excitatory zone was found also in 
off-responses of the same cell. Control experiments on LGB neu- 
rons demonstrated a principally similar development of RF dyvnam- 
ic readjustments there, too. The only difference involved some- 
what faster progress of the RF dynamic phases outlined above 
and lesser RF elongation (in the LGB the RFs were more often 
circular or slightly elliptical). 

Thus, measurements of the dynamics of the RF excitatory zone 
brought out direct evidence in support of the previously formulated 
propositions (see Section IV) about the existence of dynamic read- 
justments of RF zones that may be underlying dynamic changes of 
their detector orientational tuning. 


4.3. DISCUSSION 


So, the findings of our experiments have revealed a set 
of facts in favour of considerable flexibility, plasticity, adaptivity 
and dynamic variability of the neuron RFs in the cat primary vi- 
sual cortex and of detector characteristics of these cells. Psycho- 
physiological correlates have been obtained, suggesting qualitative 
and quantitative similarity between behavioural manifestations of 
these effects in man and the alterations of neuronal properties in- 
vestigated in electrophysiological experiments on cats. 

These facts when analysed pose the question, first, about their 
neurophysiological mechanisms and, second, about their behaviour- 
al value for the organism and information-coding value for the 
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brain. Besides, it is worth considering probable points of conflict 
between the existing concepts about the organization of certain 
higher sensory functions and the ranging adaptive capabilities of 
visual cortex neurons revealed by us. 

Earlier on (Shevelev et al., 1974; Shevelev, 1976; Shevelev et 
al., 1980), we have suggested that every visual cortex neuron pos- 
sesses numerous adjustable RFs located within the morphological 
RF limited by all of its potentially existing inputs. 

The assumption of broad variability and non-rigid fixation of 
these functional RFs in every neuron can alone explain the now 
multiplying data on considerable adaptivity and plasticity of the 
RFs and their detector functions. It should be added that such 
data are in dramatic conflict with the presently well-known and 
generally accepted hypothesis of Hubel and Wiesel (1962, 1965) 
which explains the mechanism of detector orientation specialization 
of these neurons by selective excitatory convergence on them of 
LGB afferents organized in a certain spatial order. The hypothesis 
leaves room neither for RF readjustments nor for their adaptational 
variability and plasticity in general. 

Contrary to the idea, we have formulated a concept (Shevelev 
et al., 1974; Shevelev, 1976) of the mechanisms for the formation 
and adaptive modification of the specialized detector RFs of vi- 
sual cortex neurons; it provides a simple and natural explanation 
for the whole body of data accumulated to date about their proper- 
ties. According to our hypothesis, the excitatory convergence of 
cortical neurons is not specialized but diffuse and rather wide. As 
a result, in the dark adaptation environment, when the effect of 
intracortical inhibition is reduced or non-existent (due to the 
higher threshold of cortical inhibitory interneurons—see Shevelev 
and Marchenko, 1979), the cortical RF's become extended and their 
shape simplified (in fact, under these conditions most often large 
circular or slightly elliptical fields are encountered). 

In accord with such RF structure and size, the cells’ detector 
tuning shows significant crudity. On exposure to light or given in- 
creasing alertness levels, spatially specialized cortical interneurons 
become actively involved, inhibiting signals from the lateral RF 
parts and thereby causing considerable RF reduction and special- 
ization. This makes the neuron a highly selective spatial filter of 
the signal properties (orientation, direction, etc.). Thus the radical 
difference between this idea and the traditional views concerning 
RF structure consists in attributing the formative function of the 
RF and its modification to the intracortical inhibitory mechanisms, 
and not to selective excitatory convergence. This permits explain- 
ing all the facts regarding adaptive modification and plastic read- 
justments of the visual cortex neuron RFs as well as their dy- 
namics in time microintervals.. 
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It seems, the concepts we have suggested can also account well 
for such long-lasting plastic readjustments of cortical neuron prop- 
erties as those which occur during conditioning. The general prin- 
ciple of adaptive modification of functioffs we propose to discuss 
here is as follows. The most effective mechanism responsible for 
their performance apparently resides, chiefly, in intracortical inhi- 
bition whose function, as also in the case of RF formation, may be 
to block out the excitatory connexions that are ‘excessive’ in a spe- 
cific situation, from the total number of strongly redundant connex- 
ions making the brain a rich nervous circuitry. If so, the condi- 
tioned specialization of the higher nervous functions must be due 
to the activity of the tonic inhibitory mechanism to which the main 
reflex conditioned processes and events are conveyed. In support of 
this proposition are well-known and convincing data on ontogenet- 
ic maturation of the cortical neuron RFs which comes as a result 
of both the genetic program, and sensory training and learning, 
with obvious and considerable involvement of inhibitory mecha- 
nisms. It remains to hope that future neurophysiological experi- 
ments will provide evidence in direct support, or direct refutation, 
of the current alternative views on these essential issues of ce- 
rebral activity. 

For the moment, the assumption of real behavioural adaptive 
value for the neurophysiological phenomena revealed in this study 
seems to be substantiated by psychophysiological controls. In this 
regard, the coincidence of the qualitative, and in some respects also 
quantitative characteristics of neurophysiological and behavioural 
reactions looks rather encouraging for deriving further successful 
correlations of this kind. A stand-alone question in this context is 
whether line orientation coding is feasible not only with the place 
code, as it follows from the classic detector concept, but also 
with the temporal pattern code, which agrees’ with our 
data on dynamic ‘resetting’ of the orientational tuning of visual 
cortex neurons in time microintervals. Indeed, while the manifesta- 
tion of the process in human behavioural reactions is documented 
well, psychophysiologically, its coding value still remains an open 
question. Hopefully, future investigations will produce positive evi- 
dence for the code’s realistic rather than candidate character. 
Though, of course, such proof is also required, in the time being, for 
the overwhelming majority of other candidate codes suggested by 
neurophysiologists. 

A necessary concluding note is that the research on flexibility, 
plasticity and dynamic properties of the neuronal structures re- 
sponsible for central information processing is more than merely a 
fashionable trend in neurophysiology. The analysis of these prop- 
erties, relevant to the activity of neurons and their populations, 
brings one closer to understanding the operation of the brain and 
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its systems not in idealized, simplified and constrained situations, 
but in situations approximating reality, with broad variability of 
the environment, state of the organism, character of the problems 
it has to deal with under specific conditions, and priorities in con- 
current operations. If seen in such a perspective, the future of the 
neurophysiology of brain information processes lies exactly with 
this kind of research. 
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o Interaction of Inborn 


and Environmental Sensory Factors 
in Ontogenesis of Behaviour 
in Mammals and Birds 
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S. N. Khayutin, Cand.Se.(Biol.), 
V.S. Lushchekin, L. P. Dmitrieva, Cand.Se.(Biol.) 


D4. GENERAL DESCRIPTION OF ALIMENTARY 
BEHAVIOUR IN NEWBORN MAMMALS 


Alimentary behaviour is one of the few inborn patterns 
that are already highly organized by the time of birth. Dynamically 
variable motor and sensory components of the food acquisition func- 
tion as well as unavoidable contacts with siblings and also with 
the mother make food acquisition a singularly fortunate model for 
research into inborn and environmental factors in the development 
of behaviour. 

Ontogenic sources of the food acquisition function have their ori- 
gin in the early stages of prenatal life. The first feeding reac- 
tions appear as fragments in a 10-week human foetus and a 30-day 
cat foetus. The human baby is born with a capacity to produce a 
‘vacuum’ in the mouth once he has grasped the nipple, and then 
with the help of rhythmical sucking movements to obtain milk 
performing complex coordination in the work of chewing, swallow- 
ing and respiratory muscles. If given a sour- or bitter-tasting liquid 
instead of milk, the newborn, from the very first feeding, even 
though he may not have tasted milk before, spits out the teat and 
exhibits mimical and vocal reactions, indicating that he does react 
to the substitution and that gustatory food characteristics are 
genetically programmed in him (Fig. 5.1,A). 

The following days witness a fairly clear picture of behavioural 
patterns reflecting the processes of learning. These include the ap- 
pearance of sucking movements as the reaction to the time, posture 
or procedure of feeding. The sucking movements in feeding are be- 
coming finely adjusted to the flow rate of milk from the maternal 
breast or bottle. Elements of active searching begin to be observed 
as scanning head movements. In sucking they are apparent in 
massaging the maternal breast with finger movements. Adaptive 
processes in the function of respiratory muscles during sucking 
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become complicated. Thus the baby is able, and the adult is not, to 
swallow during the eating without inhibiting respiratory movements. 

The feeding reactions in newborn mammals (kittens) typically 
show still higher motor activity. The newborn kitten, even before 
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Fig. 5.4. Reorganization of the role of return information in 
sucking of the newborn infant. 


A, C—sucking movements in milk sucking and after milk substitution by 
sour-tasting liquid (underlined); B, C—sucking cf milk and of dummy (underlined). Age in 
days is shown on top of the curves 


drying off, begins crawling about in search of his mother. He pokes 
his nose into her fur, making the characteristic head move- 
ments and rubbing in the area of her nipples. And all the while his 
four limbs either assist him with forward motion or strain in prop- 
ping to support bodily balance. 

The grasping of mother’s teat is the main point in the suc- 
cession of food-searching movements that signifies the shift to food 
intake. The latter occurs suddenly, has a reflex nature and 
is triggered by the sensory flow from the oral afferents. The onset 
of the sucking movements produces an abrupt change in the ani- 
mal’s behaviour: the kitten comes to a stand-still, shapes the tongue 
into a little groove along the nipple and starts to suck at the 
rhythm of one or two movements per second. Given high-level feed- 
ing motivation, it is typical to see the forelimbs moving to mas- 
sage the mother’s gland. This is not infrequently attended by a 
characteristic vocal pattern. 

A question arises about the sensory mechanisms for the formation 
of food attributes by which the newborn finds and recognizes the 
food. What modalities signal the goal and what other modalities 
carry the information about the results, i.e. the location of food? 
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Anyone trying to imagine this complex sensory integration will 
be struck by the purely ontogenetic aspects of the problem. Indeed 
the attributes of the feeding source (mother) and the food itself 
(milk) are formed by many modalities: visual, olfactory, auditory, 
temperture, tactile, proprioceptive and gustatory. In adult animals 
these modalities bear a signal function in the realization of alimen- 
tary behaviour. In newborns, however, far from all of them are 
employed to achieve the same adaptational result, that is, to obtain 
food. While this is evident for some of the later-maturing distance 
receptors, such as vision and hearing, it poses another cardinal 
question: which of the sensory parameters are inborn signals of food 
and which become signals in the process of alimentary learning? 

On the basis of experimental data, it can be concluded that mam- 
malian newborns recognize the source of food (mother) by using 
tactile and temperature modalities. Warm fur is a most biolo- 
gically significant signal so that any object possessing these 
properties is appraised as an attribute of the mother causing well 
defined searching (Uzhdaviny and Shepeleva, 1966). Some authors 
argue that olfactory signals take no part in the recognition of the 
mother in kittens in the first week (Freeman and Rosenblatt, 1978). 
The same can be said for the visual and auditory systems. 

In mammals, the inborn parameters of food (milk) are pro- 
grammed in the tactile and gustatory afferents which signal the 
presence of food in the mouth and its taste-related properties. The 
arrival or non-arrival of food in sucking are of no consequence at 
that time. The newborn sucks any object introduced into the mouth 
and develops equally vigorous sucking movements for any dynam- 
ics of the milk inflow, up to its complete cessation (in sucking the 
dummy). Conversely, the sucking movements will be inhibited if 
the nipple is greased with another substance or if a sour- or bitter- 
tasting liquid comes via the nipple (Fig. 5.1,A,B). 

The principal role of the tactile and gustatory modalities agrees 
with the electrophysiological data obtained by Chernikov (1979) in 
our laboratory. By the evoked potentials and unit activity re- 
cording from relay nuclei in the kitten medulla and cortex, gusta- 
tory and tactile (to the touch) transmission from the tongue was 
shown to have matured by birth time, with subtle discriminatory 
tactile sensitivity maturing sometime later. 

Inborn forms of alimentary behaviour are accomplished by con- 
ditioned forms from the moment of delivery. The process then is 
developing in two directions. First, the set of possible food signals 
broadens with greater maturity of the distance receptors (olfac- 
tion, vision, and hearing). Second, the olfactory mechanisms of the 
feeding reactions become more and more differentiated and econom- 
ical. A relevant example is the appearance of a ‘preference’ for 
sucking of the ‘own’ nipple in the kitten (Rosenblatt, 1971), or 
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a strict conformity between the sucking movements and the dynam- 
ics of the milk inflow from the mother’s teats in the human infant 
(Shuleikina, 1966). 

_ These modifications are complemented by new sensory patterns, 
above all by the increase in the number of components comprising 
sensory signs of the goal and results of the action. Thus, the princi- 
pal signal of the mother, which in mammals is warm fur, is 
supplemented by the mother’s odour, and later by her visual image. 
Interestingly, animals first recognize the mother’s smell and only 
then the smell of the milk (Uzhdaviny and Shepeleva, 1966). 

Sensory mechanisms of learning have also been studied on the 
alimentary behaviour of the human infant. From the moment of 
birth the sucking function is influenced by two processes. Under 
natural nursing, the signals from the chemoreceptors gradually lose 
their significance, because the infant always receives a liquid with 
the same taste, milk, as the result of his sucking movements. But 
along with this, the information about the dynamics of milk inflow 
becomes increasingly important because, depending on the mother’s 
individual features or on the beginning or end of nursing, the milk 
from the teats flows irregularly. 

As a result, beginning from the 6th to 8th day, the baby stops 
reacting to a short-time substitution in the rubber nipple of a dif- 
ferent-tasting liquid instead of milk but will stop his continuous 
sucking at once if the syringe with milk is replaced by a dummy. 
As distinct from a newborn’s, his movements in sucking milk or 
the soother begin to show marked differences of rhythm and 
character (Fig. 5.1,C). 

Nipple preference provides an excellent study model for the sen- 
sory mechanisms of learning in animals. It has been shown that 
a kitten learns to prefer his nipple by a sum of three sensory pat- 
terns: tactile, olfactory and kinesthetic. Should the tactile informa- 
tion be modified by shaving the fur around the nipple, the kitten 
will learn to find the nipple by its smell. If the nipple and the sur- 
rounding surface are deprived of smell the kitten takes one or two 
days to locate the nipple by tactile signals. If, in nursing on an 
artificial mother, both the tactile and olfactory attributes of the 
preferred nipple are altered arbitrarily, the kitten will all the same 
learn to find his way to it by orientation to kinesthetic signals (Ro- 
senblatt, 1972). 

Such results raise questions of major theoretical importance: 
how does behaviour change with sensory deprivation? To what ex- 
tent are the consequences of the deprivation age- or modality-re- 
lated? 

The food search and intake of a kitten is divided into the following 
stages: distant search for the mother; contact search for the area 
of the nipples; grasping of the nipple, sucking and discontinuance 


5. Inborn and Environmental Factors in Ontogenesis of Behaviour 401 


of food intake with satiety. As noted above, each of the stages is 
supported by its own pattern of afferentations (Fig. 5.2). 

In order to study the role of a sensory flow from oral afferents, 
Shuleikina (1972) and Dyachkova (1976) performed anaesthesia 
of the perioral region and tongue by applying a 2 per cent cocaine 
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Fig. 5.2. Diagram of searching for food and food intake be- 
haviour and the feed-back afferent flows that direct it. The kittens 1-30 
days of age. 


solution over the area of the lips and tongue. It was shown that 
under the local exclusion of the perioral area kittens lose the 
capacity for oriented distant search and begin looking for the 
nipple all over the body of the mother cat. In the majority of cases 
he fails to locate and grasp the nipple despite persistent searching. 
A finding of principal importance has been the observation of this 
phenomenon also in more adult animals homing in by visual signals. 
Under the local exclusion of the receptors of the tongue the kitten 
retained the ability to orient distantly, searched only in the teat 
area, and after some time found the teat and grasped it. In some 
instances, however, this made him lose the capacity to search for 
the preferred teat and in some experiments disturbed the rhythm 
and permanence of the sucking movements. Receiving no feed- 
back about the results of sucking, the kitten began to worry, gave 
up sucking and resumed the search. 

Similar results followed the transection of the n. lingualis and 
chorda tympani. In kittens up to five days the transection led to the 
death in 50 per cent of cases. In more adult animals subject to treat- 
ment the behaviour recovered four to five days after surgery. But 
whereas the activation of food-searching behaviour was still observed 
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after anaesthesia of the tongue, the activity of food-getting behav- 
lour was markedly reduced after transection of the n. lingualis 
and chorda tympani, while in the kittens few days-old it disappeared 
completely (Dyachkova, 1976). 

The next series of experiments was carried out to study alimen- 
tary behaviour under olfactory deprivation of a kitten by intrana- 
sal application of a 5 per cent zinc sulphate solution. An isotonic 
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Fig. 5.3. Change of feeding behaviour in kittens exposed to ol- 
factory deprivation at age 1-15 (A) and 15-30 (B) days. 


I—not searching and not grasping the nipple; 2—searching but not grasp- 
ing; 3—searching and grasping. The ordinate is number of animals in per cent. 


solution or distilled water was administered intranasally 
to animals of the control group. Complete or partial olfactory anaes- 
thesia resulted in 84 per cent of the kittens 24 hours following 
zinc sulphate irrigation, which on average lasted 72 hours. 

In order to determine how this modifies alimentary behaviour one 
of the deprived kittens was weaned from the nipple and placed 
near the cat on her back. The kittens exposed to olfactory depriva- 
tion showed markedly different behaviour than the intact or con- 
trol animals. The latter located the nipple areas and grasped the 
nipple within 60 to 90 seconds in 100 per cent of the cases. The 
kittens deprived immediately after birth and before the first feed- 
ing were unable to grasp the nipple and died unless artificially fed. 
With the deprivation sometime between the {st and 15th days in 
a kitten already having some natural sucking experience (Fig. 9.3,A) 
o3 per cent of the animals still failed to reach the nipple 
area and therefore to grasp the nipple; 40 per cent of the kittens 
did find the nipple but could not grasp it; and merely in 7 per cent 
of the kittens was nipple searching and grasping undisturbed. Kit- 
tens deprived between 15 and 30 days (lig. 5.3,B) were found in- 
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capable of reaching the nipple area and grasped the nipple in only 
8 per cent of the cases; in 33 per cent of the cases the test animals 
effectively located the nipple area but could not grasp the nipple; 
in 09 per cent searching and grasping of*the nipple were success- 
ful. 

Thus, olfactory deprivation is most disruptive of alimentary be- 
haviour in younger kittens (1 to 15 days) and less so in the adult 
ones (19 to 30 days). 

Since from the very first day olfactory deprivation disturbed most 
the processes involved in the search for and grasping of the nipple 
it may be stated that, in contrast to the above data, olfactory af- 
ferentation constitutes a considerable element of the food-getting 
behaviour in the kitten. 

A minor disturbance in the alimentary behaviour after olfactory 
deprivation in adult animals may lake place because the visual sys- 
tem comes into play, whose role is to provide compensation if olfac- 
tory orientation is impossible. It should be noted that failure of 
olfactory deprivation did not disturb the proper processes of suck- 
ing and swallowing. Finally, the artificially-fed deprived kittens 
showed comparatively normal growth and development (Lushche- 
kin, 1981). 


0.2. SENSORY ORGANIZATION 
OF HOME ORIENTATION IN THE KITTEN 


An increasing number of researchers have recently come 
to recognize the existence of another type of behaviour, the so- 
called home orientation, or ‘home acqusition’, in the early postnatal 
ontogenesis of mammals. Described with reference to the domestic 
cat, this type of behaviour was taken to refer to the kitten’s ability, 
from the first day of life, not only to recognize his mother and find 
the nipple, but also to differentiate the attributes of his ‘own’ and 
‘another's’ home site and, after being removed from the nest a few 
days later, to be able to locate the nest by sensory cues—thermo- 
tactile, olfactory, and visual. 

Home orientation (HO) first emerges in 3- to o-day kittens but 
the success in reaching the home area is extremely low (10 per cent 
at most). By the age of nine days the proportion of successful 
home area finding increases to 40 per cent (Fig. 5.4,2). At that 
time the trajectory of the movements in the experimental field had 
a circular pattern. On the 15th to 18th day home area finding 
becomes most effective, accounting for 86 per cent on the 18th 
day. The animals in the experimental field show less anxiety and 
the trajectory of movements in the home area finding is rectilinear. 
By the 30th day the level of success in home area finding declines 
gradually to 50-55 per cent. In time, this coincides with the ini- 
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tial period of dominance by orienting and exploratory behaviour 
in the kittens and, as a consequence, they do not stay long in the 
nest and try to get out. 

Guided by data suggesting that olfaction plays the key role in 
effective homing (Rosenblatt, 1976) we conducted a series of 
experiments with olfactory deprivation. In the olfactorily de- 
prived animals up to the age of nine days home orientation 
did not show up at all and from age 9 to 15 days home area 


Fig. 5.4. Successful quest for home area as a function of age in 
intact and deprived kittens. 


1—visually deprived kittens; 2—intact; 3—olfactorily deprived; 4—olfactorily and visually 
deprived. The abscissa is age of animals. 


acquistion was successful only in some cases (Fig. 5.4,3). From 
the age of 18 days home orientation grew in effectiveness reaching 
a 60 per cent maximum on the 24th day and then gradually de- 
creasing until settled at 50 per cent by the 30th day, as was the 
case in the control group. 

It thus may be suggested that the role of olfaction is crucial 
for homing during the first 1 to 18 days, until the visual 
function becomes established so that later vision can compensate 
for the lack of information from the olfactory receptors. To check 
the suggestion, a series of experiments were performed with ad- 
ditional visual deprivation achieved by glueing the kittens’ eyelids 
at the age of 4 to 30 days with B@®-6 Butwar-phenolic adhesive 
and coating a layer of rubber paste 88-N over it. The experiments 
revealed that simultaneous olfactory and visual deprivation of both 
9-15 and 15-30-day kittens caused home orientation to almost dis- 
appear in all of them (Fig. 5.4,4). Consequently, during home orien- 
tation the olfactory and, from the age of 18 days, visual receptions 
move to the fore as the leading afferentation. But in the period un- 
der investigation the kittens also possess a sufficiently developed 
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auditory reception, in addition to the olfactory and visual recep- 
tion (Gottlieb, 1971a; Olmstead and Villablanca, 1978). Neverthe- 
less, there are no published data on the role of this particular mo- 
dality in the organization of homing behaviour. 

In another series of experiments we attempted to answer the 
question whether, at the period of 1 to 30 days of age, kittens pos- 
sess orientation to the mother’s vocalization. What is the dynamics 
of the acoustic orientation and in what way is sound-directed be- 
haviour interrelated to the orientation by the olfactory and visual 
features of the nest? 

Sound stimulation was provided by a speaker encased into a po-’ 
rolon capsule with a slot collimator installed in the home area. The 
source of acoustic stimulation came from previously tape-recorded 
sounds of the mother cat as she communicated with her kittens. 
To analyse the parameters of the signals they were later processed 
on a sonograph. 

Two types of sounds were identified as emitted most often by 
the mother cat. Signals of the 1st type, in their basic modification 
(Fig. 5.5,A,B), are, as a rule, low-frequency, below 1.5 kHz, frica- 
tive sounds of low intensity; they are made by the mother cat 
when nursing the kittens (purring). 

Signals of the 2nd type represent short, tonal calls of moderate 
intensity, with three or more harmonics whose respective energy 
maximums occur at 1, 2.0, 3.5 kHz (Fig. 5.5,B). The signals are 
produced by the mother cat when her kitten is taken away or hid- 
den and are in effect her calling cries. 

The experiments showed that, beginning with the 5-7th day, the 
kittens are able to find the nest by the orientation to the mother 
calls alone. However, with totally unimpaired olfaction and vision, 
from the age of 8 to 10 days, the percentage of correct responses to. 
switched-on species-specific sounds was also higher than for the 
home orientation without the use of the sounds (Fig. 5.4,2, Fig. 
0.6,/). The reaction to the species-specific sounds appears simulta- 
neously with the reaction of nest-searching by olfactory cues (from 
the 6th day). Scanning head movements in kittens of an early 
age were a characteristic feature for both orientations (by sound 
and by smell). As was mentioned above, olfactorily deprived kit- 
tens lost the ability for home orientation and there were no scan- 
ning head movements. If, however, the olfactorily deprived kitten 
is presented with maternal calls his home orientation resumes 
(Fig. 5.6, 2), as well as the scanning head movements. This allows 
the conclusion that maternal vocalization is also one of the stimuli 
that ensure the kitten’s spatial orientation and participate in the 
nest-finding reaction. 

The subsequent experimental series inquired into the home orien- 
tation ability of the visually deprived kittens presented with the cat's. 


106 K. V. Shuleikina, S. N. Khayutin, V. S. Lushchekin, L. P. Dmitrieva 


acoustic signals. The findings have indicated more effective home 
area location by the kittens 9-15 and 15-30 days of age on presen- 
tation of both the ‘food-related sounds’ and calls (Fig. 5.6, 3). This 


kH2 


250 msec 


Fig. 5.5. Sonogram of species-specific signals of the mother cat 
in communication with her kittens. 


A and B—purring; C—calling cry. The abscissa is time in msec, the ordinate is frequency 
in kHz. 


3 9 15 30 


Fig. 5.6. Successful quest for home area as a function of age in 
kittens guided by species-specific calls. 
I—home orientation in acoustically stimulated intact kittens; 2—same, for 


olfactory deprivation; 3—same, for visual deprivation; 4—same, for olfactory and visual 
deprivation. The abscissa is age of the animals. 


proceeded with an even more pronounced homing reaction to the 
sounds than that of the intact animals: when presented with the 
calling sounds the 20-30-day-old kittens promptly came up to the 
speaker and poked their noses at it letting out intensive vocal re- 
sponses. When the speaker was moved the kittens followed it even 
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beyond the home area, and a similar reaction was observed in the 
visually deprived two-month-old kittens in whom home orienta- 
tion would normally no longer be manifest. 

The above data favour the notion that olfactory and, at later 
stages, visual signals, have priority in the home orientation of a 
kitten. Lacking these, the home orientation may still successfully 
proceed by sound. The cat’s species-specific vocalization reinforces 
the acoustically, visually and/or olfactorily guided homing. 


D.3. GENERAL DESCRIPTION OF ALIMENTARY 7 
AND DEFENCE BEHAVIOUR 
IN EARLY ONTOGENESIS OF BIRDS 


The relationship between the development and the sub- 
sequent increasing organizational complexity of natural behaviour 
was followed up further in the studies of four species of tree-hol- 
low nesting birds: pied flycatcher (Micedula hypoleuca), great tit 
(Parus major), redstart (Phoenicurus phoenicurus) and cuckoo 
(Cuculus canorus). The studies emphasized the development of a 
sensory basis for alimentary and defence behaviour—the two lead- 
ing behavioural types of early ontogenesis. The nestlings of hollow- 
nesting birds proved a good choice for the object of the investiga- 
tion for two reasons: first, their entire nest developmental period 
unfolds in a relatively stereotyped environment and, second, their 
living space is rigorously limited by the walls of the hollow or the 
nest box. Methodological conditions for the conduct of the experi- 
ments were published previously (Khayutin and Dmitrieva, 1976, 
1981). 

Investigation of the nestlings’ behaviour in their natural habitat 
has established that during the very early period after hatching, 
their one and only developed reaction is a feeding reaction pro- 
duced in response to sound stimulation. Up to the age of 5-6 days, 
the period of eye opening, alimentary behaviour is induced by ex- 
posure to a series of stimuli: tapping of the feet on the hole en- 
trance (the sound, but not the shaking of the nest!) as the bird 
with food flies into the nest box; rustle of the nest material as the 
bird hops on it from the edge of the hole entrance, and a special- 
ized ‘food’ call generated by the bird. The latter stimulus, however, 
occurs only in 50 to 75 per cent of all incidents of feeding. The 
spectral make-up of the components in the acoustic complex of the 
feedings for the examined avian species is presented in Table 9.1 
and Fig. 5.7. Recording and analysis of the food calls produced 
by a large number of flycatcher and redstart individuals (in 100 
birds) has led to the identification of several variants of the sounds 
with a different rate of occurrence. Therefore the ‘acoustic complex 
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of the feedings’ is represented by a sequence of wide-band sounds 
of different origin. The last of the components in the sequence has 
at least three variants in flycatchers and redstarts. The correlation 
of the spectral characteristics of all components in the complex for 
each of the three species finds the latter to comprise a continuous 
series from 0.2 to 8.0 kHz. 
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Fig. 5.7. Frequency-threshold characteristics of auditory sensitiv- 

ity in 1-5-day nestlings of four species (A) and sonograms of behaviourally 
meaningful adult birds’ signals (B). 

A—the abscissa is sound intensity, dB (sound pressure over level P = 

= 0.00002 Pa); the ordinate is sound frequency, kHz; I1I—black circles identify the audi- 

tory sensitivity of cuckoo nestlings and light circles the auditory sensitivity of redstart nes- 


tlings; B—1—thump of feet on the hole entrance and rustle of nest material; 2—food calls; 
3—alarm call; 4—specific song; I— pied flycatcher, ITI— great tit; IZI— redstart. 


A laboratory assessment of the modality and parameters of the 
effective stimuli to give rise to the feeding reaction in 1-5-day nes- 
tlings has shown the reaction in flycatchers, redstarts and great tit, 
which can be evoked in response to sound signals alone (for cuck- 
koo nestlings the shaking of the nest can also yield a full-scale 
feeding reaction). Besides the components of the sound complex of 
the feedings (reproduced from a magnetic tape) the reaction in 
the nestlings with a maximum high-level motivation is initiated by 
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Table 5.1. Characteristics of the Signals (in kHz) of Three 
Avian Species Meaningful for Their Nestlings’ Behaviour and Characteristics 
of Auditory Sensitivity in 41-5-day Nestlings of Four Species 


Acoustic complex of feedings e Auditory 

@nepies ; re Alarm Species- sensitiv- 

- thumping rustle sh oars : eae gst ae 
Pied flycat- 0.2-1.2 0.2-1.0 4.5-2.8 4.5-5.5 2.5-4.5 0.1-3.0 
cher 4.5-3.5 2.0-2.5 3.0-5.5 5.9-6.5 3.5-6.0 
Great tit 0.2-7.0 0.4-0.9 1.5-6.0 2.0-4.5 2.5-3.8 0.2-2.8 
1.4-3.0 3.2-6.0 
Redstart 0.2-2.0 0.2-1.5 0.8-1.5 2.5-95.0 2.0-3.5 0.2-0.8* 
2.8-3.2 2.0-4.5 1.2-5.1% 

0.1-0.5 

0.8-5.1 


* The auditory sensitivity of the cuckoo nestlinzs reared in redstart nests. 


a large set of other sounds such as whistles, speech, and various 
‘mechanical’ sounds. Only acoustic stimuli, e.g. neither tactile 
including blowing-on a flow of air), nor vibrational or visual, pro- 
duce the feeding reaction in the nestlings of all three avian species 
at that age. 

Experimental investigation of auditory sensitivity in 1-5-day 
nestlings was conducted in the laboratory. Nestlings had electrodes 
implanted in their neck muscles and electromyographic expressions 
of their feeding reaction were recorded. Pulses were monotonal 
with a carried frequency from 0.1 to 8.0 kHz. Their duration of 50 
to 75 msec was therefore consistent with the length of the 
typical species-specific calls. The criterion of the auditory sensitiv- 
ity in each frequency range was 80 per cent reproduction ol feed- 
ing reactions to the tone of minimum intensity by the nestlings 
with the highest feeding motivation level. The auditory sensitivity 
range for the nestlings of the target species was tabulated in Ta- 
ble 5.1 above and shown in Fig. 9.7. 

From the 5-6th day the nestlings open their eyes (in the great 
tit nestlings the process was complete by the 10th day of life), 
thus effecting a change in the make-up of the stimuli effective in 
eliciting the feeding reaction. The species-specific feeding calls are 
never employed in practice anymore because the reaction arises in 
response to a simultaneously presented complex of the foot thump 
on the hole entrance and a short change of luminosity which oc- 
curs, now as before, in consequence of the entrance closure by 
the body of the bird as it flies in with food. Nevertheless an expe- 
rimentally effected change of luminosity, in the absence of any 
sound whatever, evokes full-scale feeding reactions in the nestlings. 
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In determining the parameters of the visual stimuli that effec- 
tively cause the nestlings’ feeding reactions in their natural habitat 
the following findings were obtained. The maximum magnitude of 
the background luminosity recorded on the eye level of the nestl- 
ings in the state of rest reached 180 lx. At the moment of the 
entrance closure by the body of the alighting bird it drops to 
0.25 lx. Thus the luminosity decrease at the entrance equalled 
3 log.units. The minimum luminosity decrease recorded in one of 
the tree-hollow nests was as low as 0.3-0.4 log.units. As for their 
duration, the luminosity drops were estimated as one half of the 
period elapsed from the moment the feet thumped on the hole en- 
trance up to when the nest material began to rustle as the bird 
hopped onto it, which amounted to 125 and 150 msec. Thus the lu- 
minosity drop of 3.0 to 0.3 log-units and 125- to 150-msec-long 
provides the major single stimulus for 5-9-day nestlings. 

Simultaneously with the period of opening the eyes and chang- 
ing the modality of the triggering afferentation the nestlings’ be- 
havioural repertory becomes increasingly more complex. From that 
time onwards they begin to show a passive defence response to the 
alarm call issued by the adult birds outside the nest. The charac- 
teristics of the spectral make-up of the alarm call for the three 
avian species are summarized in Table 5.1 and Fig. 95.7. An out- 
ward form of the passive defence response of the nestlings of the 
three species being discussed is that they suspend the background 
vocalization and lie low during the exposure to the alarm call. In 
simultaneous exposure to the feed and alarm calls, two signals 
of different biological quality, the resultant behavioural effect is 
reduced to either reaction, depending on the level of the nestlings’ 
feeding motivation and the duration of the alarm call exposure. In 
the nestlings with the compensated level of feeding motivation 
the feeding reaction is suppressed completely. An increasing level 
of the motivation produces the feeding reaction deprived of the 
vocalization component and with any further buildup of the moti- 
vation a full-scale feeding reaction ensues (Fig. 5.8). 

With the emergence of two behavioural patterns—alimentary and 
defence—the specific song, until that time a totally ineffective fac- 
tor in the nestlings’ behaviour, begins to play a role in their in- 
teraction. 

From then onwards and to the end of nest life the specific song 
acts to modulate the sensory, motor and emotional activity of the 
nestlings and thereby promotes the conversion of the behavioural 
integrations into one another. Besides, it constitutes a ‘safety fac- 
tor’ due to its action that is antagonistic to the alarm call (Khayu- 
tin et al., 1978). Finally, the specific song performs an extra func- 
tion for the great tit whose nestlings never leave the nest unless 
the specific song is in the background. The spectral characteristics 
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of this signal in birds of the target species are cited in Table 95.1 
and Fig. 95.7. 

From the 8-9th to the 13th day of life the nestlings’ feeding reac- 
tion arises, as it did in the preceding perfod, in response to a change 
in luminosity, but is steered and sustained by the bird’s moving 
silhouette. The beginning of that period sees certain changes alter- 
ing the outward form of the reaction. Though the nestlings still 
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Fig. 5.8. Sonogram of species-specific alarm calls in pied fly- 
catcher (A) and probability of feeding reactions in the nestlings experienc- 
ing adequate (visual) stimulation (B) presented singly (1) or against the 
background of alarm call (2). 


A—the abscissa is time in msec; the ordinate is sound frequency, kHz; B— 
the abscissa is time in min, with the moment of feeding taken as 0, the ordinate is proba- 
bility of the reaction. Shaded area identifies the period when food calls presented against 
the background of the alarm call initiate a reaction without vocalization. 


lift their heads with wide-open bills, they do so not straight up- 
wards as before, but orient them in the direction of the adult bird’s 
head, vigorously attacking her beak and snatching out food. As a 
result their reaction gradually transforms from passive-feeding into 
the food-acquisition reaction proper. The new reaction form when 
analysed was seen to have two stimuli associated with its organiza- 
tion: triggering—the change of luminosity, and steering—the mov- 
ing bird’s silhouette. Either stimulus has an independent value of 
its own. The isolated change of luminosity induces an extremely 
reduced reaction, whereas the motion of a coniform object, imita- 
tive of the bird’s silhouette, causes the nestlings to turn their heads 
and start to make pursuing eye movements without the posture, 
bill-opening and vocalization appropriate to the feeding reaction. 
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On the 13th to the 18th days, the final stage of nest life, the 
feeding reaction is produced and steered by the moving bird sil- 
houette. The diffuse luminosity change ceases to be an effective 
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Fig. 5.9. Dynamics of body 
mass in nestlings through their nest life. 


A—in families with natural synchro- 
nous’ hatching (all nestlings hatched within one 
day); B—in families artificially formed of different- 
age nestlings; the abscissa is nest life in days; the 
ordinate is nestling hody mass in mg; n—thenum- 
ber of nestlings in every age group. 


stimulus for the reaction. 
The passive defence reac- 
tion is still initiated by 
the alarm call as before. 

To clarify the question 
as to what extent the mat- 
uration sequence of the 
sensory mechanisms un- 
derlying alimentary and 
defence behaviour in the 
nestlings is determined by 
genetic vs. environmental 
factors, a series of experi- 
ments was carried out on 
the flycatcher nestlings 
raised in a sensorily en- 
riched environment. For 
that purpose, several fami- 
lies were formed consist- 
ing of different-aged nestl- 
ings (in one and the same 
nest). The age difference 
between the younger and 
older nestlings was a max- 
imum of 4 days. In the 
course of this research it 
was found that in these 
conditions the nestlings in 
the younger age groups 
open the eyes much earl- 
ier, in fact as early as the 
end of their third day of 
life—the time when the 
passive defence’ reaction 
was also emerging. The 
shift from the feeding to 
the food-acquisition reac- 
tion and the _ departure 


from the nest occur synchronously in the nestlings of the two age 
groups unless the age difference between them exceeds 3.5-4 days 


(Fig. 5.9). 


Analysis of the experimental results indicates that in order to 
achieve full-scale physical maturation within a shortened time- 
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frame the nestlings of the younger age groups require a prolonged 
period of contact with the nestlings of the older age groups. Appa- 
rently, it is this contact that sets up the necessary prerequisites for 
the selectively accelerated (heterochronou$8—after Anokhin, 1949) 
development of the principal sensory and motor capabilities in the 
nestlings of the younger age groups. One may include among the 
factors accelerating the development of the nestlings their increased 
motor activity, a supplementary set of tactile and temperature 
influences brought about by the motion of the older nestlings, and 
the vocalization accompanying the feeding activity of the older 
nestlings from the first few days of life of the younger ones. The 
aggregation of these factors, which provides for the actuation ahead 
of time of the sensory and motor components of the nestlings’ func- 
tional systems during their nest life, is considered as a physically 
and socially enriched environment. Thus, the findings gained from 
this experimental series suggest that the maturation rate of the 
sensory and motor mechanisms of the principal forms of beha- 
viour in the nestlings may on a significant scale be contributed to 
the modified environmental factors involved. In all likelihood, the 
maturation sequence of the sensory mechanisms is predetermined 
by genetic factors, whereas the maturation rates of the same mech- 
anisms follow the dictates of the physical and social environ- 
mental conditions. 

Comparison of the factors contributing to the sensory organiza- 
tion of alimentary and defence behaviour in the nestlings of the 
tree hollow-nesting species, including the cuckoo nestlings reared 
by redstarts, throughout their entire nest life reveals some common 
features of basic importance to them. To begin with, the only form 
of behaviour fully shaped out in the nestlings at the initial period 
of life is the alimentary behaviour steered by acoustic signals. In 
all cases the alimentary behaviour is evoked by a set of wide- 
band sounds of different origin that are patterned together into a 
simple mechanical sequence. Experiments have revealed that under 
usual conditions (with the normal, 50-60 dB level of the acoustic 
background in the biotope) the behaviour can be realized by the 
action of any isolated component from among the set. The only 
factor responsible for the selectivity of the signals is the current 
level of feeding motivation in the nestlings. Generally one may 
assume that the set’s initial components are more effective in case 
of a heightened level of the motivation and the final components 
when the motivation level is lowered. Therefore the complete make- 
up of the sound sets associated with the feedings, by virtue of be- 
ing redundant, ensures a high reliability in the performance of ali- 
mentary behaviour. Moreover, the last component of the set, the 
food-related sound, which originates naturally, as a rule, when ali- 
mentary behaviour is already unfolding in the background under 
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the effects of the previous stimuli, only enhance it, due to its being 
supplementary and taking on therefore the role of a ‘safety factor’. 
In equal measure, the high reliability applies to the frequency 
spectrum of the ‘acoustic set of the feedings’. The reproduction 
of feeding behaviour by the nestlings in an experimental situation 
of exposure to the monotonal pulses that fall within the major por- 
tion of the spectrum of the food-related signals, attests additionally 
to the redundancy of the frequency set in all of the set’s compo- 
nents without exception. 

On the other hand, efficiency in reproducing the behaviour in- 
duced by atypical ‘food’ calls in the flycatcher and redstart nestlings 
is suggestive of two things. First, there may or may not be an all- 
round coincidence between the frequency spectrum of the behav- 
iourally meaningful species-specific calls coming from adult indivi- 
duals and the birds’ perceivable range of frequencies. Second, in a 
broader sense, the stimulus in natural behaviour is only a gating 
factor for its performance, the goal (the receipt of food in the case 
in point) being the sole determinant in the organization of beha- 
viour. Presumably, coincidence between one or several maximums 
out of the entire spectrum is enough to provoke goal-directed ali- 
mentary behaviour in its entirety. 

There seems to be a measure of conflict between the supposition 
just made and the concepts, now gaining acceptance in the litera- 
ture, that the range of frequencies perceivable by the nestlings just 
after hatching must match completely all spectral parameters of 
the species-specific calls of adult birds effective with regard to their 
corresponding behaviour (Milyagin, 1956; Konishi, 1970; Gottlieb, 
1971b; Tikhonov, 1981; Golubeva, 1978). A more formal objection 
to the same concepts comes from one finding our work has dem- 
onstrated for the nestlings of all four species, namely, the sensi- 
tivity to low-frequency sounds. The sounds, which constitute the 
first two components of the set, are not species-specific in the strict 
sense and neither are they represented on the spectrum of the spe- 
cies-specific ‘feeding’ vocalization in the adult birds. It is contended 
that 0.2-1.0 kHz, the nestlings’ range of auditory sensitivity, is in ac- 
tive use in the species’ biology fully in agreement with the ecological 
distinctions of their habitat, mediating (by means of the genetic 
programme of embryonal development) alimentary behaviour to the 
obligatory set of sounds attendant on every arrival of the adult 
birds with food. 

One could perhaps allow that the increased sensitivity the nes- 
tlings of all four investigated species show towards the range of the 
‘set’s species-uncharacteristic components might result from learn- 
ing in the period of late embryonal development. Evidence for such 
sensitivity is plentiful from the studies devoted to the ontogenesis 
of early behaviour in birds with different ecology. They suggest 
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that the late embryonal and early postembryonal sensory expe- 
rience, chiefly acoustic, exerts a fundamental influence upon the or- 
ganization of the subsequent, acoustically, directed behaviour and, 
accordingly, upon the preference for sounds of definite structure 
and parameters (Gottlieb, 19741, 1979; Konishi, 1973; Vince, 1973; 
Impekoven, 1976). 

So, the feeding behaviour of the nestlings just after hatching is 
provoked by a ‘mechanical’ sequence of relatively wide-band sounds 
(‘frequency column’, to use the figurative expression of Vince, 
1973). By contrast, the passive defence reaction, seen to appear in 
the nestlings of all four species early in the latter half of their nest 
life along with the changing or expanding modality of the trigger- 
ing afferentation of alimentary behaviour, arises in response to 
rhythmically organized signals. Furthermore, a unit pulse in the 
alarm call of the great tit is somewhat similar to the species-spe- 
cific food calls. Unlike it, the vocalizations of the pied flycatcher 
and redstart show a marked difference between the feeding and 
defence calls. Finally, in cuckoo nestlings the alarm calls of all 
three avian species produce a passive defence reaction. 

Lastly, the third type of species-specific calls, the specific song, 
an equally essential control of nestling behaviour, begins to play 
a specific role in the final stages of nest life. Though the particular 
importance of the specific song for organization of behaviour in the 
nestlings of the examined species varies, on the whole, between 
these species, the signal is polyfunctional in all instances, as com- 
pared with monofunctional calls—feeding and defence. As regards 
the signal’s structural and rhythmical organization, it continues to 
increase in complexity while the frequency spectrum of its consti- 
tuent single pulses narrows down further—the development most 
in evidence in the great tit. 

In conclusion, there is a general trend towards an increasingly 
complex organization of acoustically steered behaviour in the nes- 
tlings’ development. This runs parallel to growing sophistication of 
the pattern of its controlling signals and the latter’s narrowing- 
down spectrum. 

A similar tendency involves an increasingly complex organization 
of visually directed behaviour together with a more sophisticated 
pattern of its controlling signals. This, too, is an obligatory factor 
of ontogenesis in the four avian species examined. In the final 
stages of nest life there exist no other controls of alimentary (food- 
acquisition) behaviour in the nestlings of the four species but a 
structured visual environment. Incorporation of the organized vi- 
sual environment into ontogenesis of goal-directed behaviour makes 
sense if there is appropriate visual experience gained by each 
species during critical developmental periods strictly fixed and de- 
lineated for it. Due to the effects of exogenous factors, the periods 
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may be shifted forwards or backwards: they are earlier organized 
(accelerated) where a specific, sensorily and socially enriched en- 
vironment is set up; their organization is retarded when sensory 
and social deprivation is the case (see above). Up to now the for- 
mation from simple visual receptive fields of complex-organized 
ones adequate to the information content of the specific environ- 
ment. and the influence of early visual experience upon the process 
has been proved for amphibians (Pomeranz, 1972; Dmitrieva, 1976) 
and a great many mammalian species (Buisseret and Imbert, 1976; 
Grobstein et al., 1975; Wiesel and Hubel, 1974). But probably 
birds also, including their hollow-nesting species, are no exception 
to the common rule. 

Therefore, the growing organizational complexity of both acous- 
tically and visually directed behaviour in early postembryonal onto- 
genesis applies in equal measure to the nestlings of the species dis- 
cussed. As this goes on, the organization of sensory mechanisms 
and their mediated forms of behaviour enhances in scope and ex- 
tent, making increasing organizational complexity of a specific en- 
vironment ever more imperative. 
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6 Spatial Synchronization 


and Conditioned Reflex Formation 


M.N. Livanov, Mem. USSR Acad. Se., 
l'.M. Efremova cand.Sc.( Biol.) 


The mechanism and localization of the process whereby 
temporary connexion takes form is a topical problem central to a 
series of studies in brain physiology. Despite recent spectacular 
successes in this area, aided by classical conditioning (Asratyan, 
1970; Anokhin, 1968; Beritov, 1961; Belenkov, 1980) and electro- 
physiological methods (Livanov, 1972; Rusinov, 1969) much re- 
mains vague as yet, so a good deal more research will be required. 

A more particular instance of a currently relevant issue in the 
neurophysiology of higher nervous activity central to related re- 
search is concerned with the interaction of the various brain corti- 
cal structures and subcortical areas in the process of the formation 
and realization of the conditioned reflex. 

That the process of conditioned reflex elaboration and realization 
takes place with the interaction of different cerebral structures is 
evidently beyond question. 

Proceeding from this, we based our investigations on the study 
of interrelations between bioelectrical processes of several cortical 
and subcortical structures. This research trend originated in the 
1940’s. At that time, visual EEG analysis demonstrated that in rab- 
bits an elaboration of a conditioned defensive reflex to a rhythmical 
light stimulus (2.5-6 Hz) reinforced with electrical shocks applied 
to the paw skin at the same rhythm was accompanied by the acqui- 
sition of the same rhythm in the EEG of the appropriate neocorti- 
cal areas (including visual and parietal), which was nowhere as 
pronounced as in its sensomotor region. The rhythm would appear, 
once the rabbit found himself in the experimental environment. The 
phenomenon was shown to have regular dynamic development (Li- 
vanov and Polyakov, 1945: Dumenko, 1955 [a, b]). The authors iden- 
tified a generalization phase in which the acquired rhythms be- 
came broadly generalized throughout the cortex, involving not only 
the sensomotor, but the visual and parietal areas as well. This con- 
ditioning period involved the period of presentation from 40 to 70 
pairings. This was when a conditioned behavioural reaction first 
appeared, its emergence consistent with the isorhythmical pattern 
flow of the bioelectrical process in the cortical areas of the motor 
and visual analysers. 
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With further elaboration of the conditioned reflex, the acquired 
rhythms disappeared from the neocortical potentials. The authors 
termed it a period of concentration. Yet a more detailed investiga- 
tion into spatial distribution of the acquired rhythms in this region 
made it clear that in the period of concentration the acquired 
rhythms did not disappear totally from the potentials of the neo- 
cortex, the sensomotor area included; rather they became spatially 
delimited by the representation area of the rabbit’s hind paw to 
which the unconditioned stimulus had been applied (Livanov and 
Ryabinovskaya, 1947, 1948; Livanov et al., 1951). 

The conclusion drawn from the research findings stated isorhyth- 
micity of the bioelectrical processes, those in the brain cortex as 
well, to be an essential factor in producing the temporary connex- 
ion. Even at that time the authors suggested, that the cause un- 
derlying the conditioned defensive reaction to a rhythmical condi- 
tioned stimulus, was a system of rhythms reflecting periodical ex- 
citability changes of the cortical centres—the basis of their isola- 
bility (Ukhtomsky, 1934, 1936). 

The conclusion was confirmed in subsequent investigations using 
rhythmically discordant conditioned and unconditioned stimuli 
to elicit a conditioned defensive reflex in rabbits (Livanov and 
Korolkova, 1949, 1951). 

Under such circumstances conditioning, as a rule, developed with 
great difficulty, if at all; besides, the rabbits exhibited trophic dis- 
orders, a reflection of their general neurotic state, and higher fre- 
quency waves appeared in the EEG of the cartical area involved. 

Precise computerized mathematical analysis of the correlations 
of bioelectrical processes between different brain regions made it 
possible to show (Livanov et al., 1967; Livanov, 1972; Korolkova, 
1977) that similarity between the potentials of brain structures re- 
flected the condition for a functional connexion to be carried out 
between them. 

This was our conclusion derived from the results of automated 
controlled experiments, when potentials of the visual and sensomo- 
tor regions in the rabbit brain cortex during the experiment were 
fed into the computer on line which kept an on-going continuous 
estimation of cross-correlation coefficients (9) of their potentials 
with a 1.5 sec time epoch of analysis, using an overlapping method 
with a lag of 10 msec. Whenever their values fit those specified by 
the program (i.e. exceeded 0.7) the computer switched on light 
stimulations of an identical supra-threshold intensity and recorded 
the presence or lack of an orienting reaction; the latter was as- 
certained from EMG changes in the flexors of the paw contralateral 
to the recorded brain region. 

This experimental arrangement made it possible to define a rela- 
tionship between the probability of orienting movements and the 
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value of synchronism for oscillations of the potentials between 
target regions in the brain cortex. 

Indeed, the findings revealed the presence of a reliable linear 
relation between the number of motor reactions in response to a 
light flash and the extent of synchronism in the potential oscilla- 
tions of the investigated cortical regions. 

It was shown positively that the higher the level of spatial syn- 
chronism between the potentials, the easier this would make the 
passing transmission of excitation from the visual to motor anal- 
yser. 

A spectral analysis of the EEG associated with the states being 
studied indicated (Livanov, 1972; Korolkova, 1977) that the high 
o values in the rabbits in the periods just before presentation of 
exteroceptive stimuli corresponded to well expressed, indeed not 
infrequently dominant, theta rhythms in the visual and sensomotor 
region potentials and a high level of coherence in this frequency 
band. 

It was thus established that the high degree of synchronization 
between the potentials of the cortical regions and their high level 
of coherence in the theta range in the period just before presentation 
of exteroceptive stimuli provided a condition favourable for the 
achievement of a functional connexion between spatially uncon- 
nected brain structures that were parts of different analysers. 

In the belief that the degree of similarity between bioelectrical 
processes presented a condition fostering the probable appearance 
of an interconnexion between various brain structures, we studied 
the spectral-correlation characteristics of the potentials of both spe- 
cific and non-specific brain structures in a rabbit, developing a con- 
ditioned defence reflex to non-rhythmical light with an electrical 
shock skin reinforcer applied to the paw. 

Biopotentials were studied for the following brain structures: 
sensomotor (Sm), visual (Vis) and auditory (Au) neocortex re- 
gions; area CA; of dorsal hippocampus (DH), nucleus anteroven- 
tralis thalami (AV), midbrain reticular formation (RF) (tegmen- 
tum), nucleus basalis amygdalae (Am), nucleus medialis septi 
(Sp), and lateral geniculate body (LGB). 

The study centered on the EEG spectra of the brain structures 
and the paired cross-correlation coefficients and coherence func- 
tions in the frequency range of 1.0 to 12.0 Hz. 

The experimenters recorded in different rabbits 3, 4 and 5 bio- 
electrical processes in varying combinations but with the necessary 
participation, in each of them, of the EEG of sensomotor region 
as an element of the efferent part of the reflex. 

The common characteristic of all background spectrograms prior 
to conditioning was the presence of delta- and theta-range frequen- 
cies. In these ranges the power spectra could be more or less vari- 
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able in form. Of the nine brain structures, the delta range was 
most prominent in the EEG spectrograms of RF, Am and Sp. 

The spectrograms of 4-second EEG epochs for each rabbit on 
analysis revealed that in all the possible recordable combinations 
of the EEG of the various brain structures, namely: 1. Sm-Vis-Au; 
2. Sm-DH-RF-AV; 3. Sm-DH-Am-Sp and 4. Sm-Vis-DH-RF-LGB 
the maximums of theta rhythm (if present in the spectrogram) were 
usually located (from 60 to 100 per cent) at different frequencies. 
In magnitude, frequency disagreement in the theta range could 
reach a maximum value of 4.0. Hz. In the background Sp potentials 
no theta rhythm was distinguishable, as a rule. 

The degree of correlation between the bioelectrical processes as 
determined from the cross-correlation coefficients (9) was dissimi- 
lar between different structures. The highest level (0.7 to 0.9) was 
observed most often between the AV potentials on the one hand 
and the Sm and DH potentials on the other. In the majority of 
cases, the 0 values proved to be the lowest ones, whether positive 
or negative (from +0.1 to +0.2), between the RF potentials and 
those of the other brain structures studied—Sm, DH, AV, and Sm, 
Vis, DH, and LGB. 

Values of the coherence functions, reflecting the interconnexion 
of the bioelectrical processes at each of the frequencies to be de- 
fined, were unequal between the potentials of different brain struc- 
tures. They varied from one experiment to another, and the correla- 
tions of the values of the coherence functions between different 
brain structures were the only ones to remain stable. They were 
the lowest (0.2 to 0.5) between the potentials of RF and Sm, Vis, 
DH, AV, and LGB, and the highest between the electrical proces- 
ses of AV and DH, and Sm (0.6 to 0.8). 

In the course of elaboration of a conditioned defence reflex, there 
was a slight (by 0.5 Hz) increase of theta-rhythm frequency in the 
potentials of the studied brain structures or expansion of the lat- 
ter’s amplitude in the spectrogram, compared to the other frequen- 
cies. 

The most complete spectral analysis of biopotentials was made 
for the Sm-DH-RF-AV alternative. In that case it became evident 
that in the elaborated conditioned reflex the theta-range frequency, 
on averaged data for five rabbits, was equal and occurred at 9.0 Hz 
on the EEG spectrograms of Sm, DH and RF. A subsequent analy- 
sis of the relations between spectral functions (4-second EEG seg- 
ments) for each rabbit disclosed a low percentage (from 0 to 29) 
of coincident theta-range frequencies between the EEG spectro- 
grams of the brain structures under study at the stage of a devel- 
oped conditioned reflex. The degree of correlation between the po- 
tentials (0) persisted at its former high level between the AV and 
Sm, and DH potentials. The cross-correlation coefficients between 
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the DH and Sm potentials grew for those rabbits in whom they had 
been low in the background, but remained as high as before in 
the animals with initially high 9. Between the RF potential and 
those of the studied Sm, DH and AV regions the cross-correlation 
level declined for the case of their initially high values and remained 
lowered in the animals with initially low o in the background. 

Upon presentation of a positive conditioned stimulus, light, to a 
rabbit with a developed conditioned reflex, accompanied by a con- 
ditioned behavioural reaction (CS+), this would always accelerate 
the theta-rhythm frequency in the potentials of all brain structures 
involved (Sm, Vis, Au, RF, AV, LGB, Am and Sp) to its equal val- 
ue. An analysis of the histograms of frequency distribution in the 
Sm, DH, RF, and AV EEG spectrograms identifies the frequency 
of 6.0 Hz (Fig. 6.1) to be the one most often present there. More- 
over, the frequency was dominant in all of the studied areas, in- 
cluding RF, Am, and Sp. 

Analysis of the 4-second EEG spectrogram segments indicated 
a significantly larger percentage of coincidences between theta- 
range frequencies in the potentials of all our studied brain structures 
during the effective time of the conditioned stimulus, as compared 
to the period that preceded CS delivery. It is interesting that the 
greatest percentage of the coincidences between theta-range fre- 
quencies (from 90 to 100) was found in those rabbits in whom the 
conditioned reflex was elicited most regularly and the percentage 
of its execution was higher in these rabbits than in other test ani- 
mals (Efremova et al., 1979). 

In the very first eight seconds after the pairings ceased, the 
frequency distribution in the EEG spectrograms of all the brain 
structures studied took on a form close to that in the period before 
CS presentation, i.e. the dominant theta-range frequency diminished 
to 9.0-5.5 Hz while the delta-range frequencies regained dominance 
in the RF, Am, and Sp potentials. 

Therefore the data gained in the experiments suggest the altera- 
tion of bioelectrical activity in all of the studied brain formations 
during defence conditioning in rabbits. The changes comprise bet- 
ter expression and moderate acceleration (by 0.5 Hz) of the theta- 
range frequency. 

In this way, on exposure to a _ positive conditioned stimu- 
lus with an accompanying behavioural conditioned response an 
electrographic reaction is observed in all studied brain formations 
both in the early period of conditioning and in the period of its 
stabilization as well. 

A characteristic feature of the reaction is a narrow-band rhythm 
in the theta range found to have an identical frequency in the EEG 
spectrograms of all the studied brain structures. Relative to the 
period before the presentation of the conditioned stimulus, the for- 
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Fig. 6.1. Histograms of frequency distribution in EEG spectro- 
tive frequencies. 


grams of a rabbit in the period of exposure to positive conditioned stimulus 
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(open square) and the period immediately before its presentation (hatched 


square). These are averaged data for five rabbits. 
respond to the presence of behavioural conditioned response: 
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mer’s frequency turned out to be by 0.5 to 2.0 Hz higher and equal 
to 6 Hz for the majority of cases. 

The coherence level in the theta range between the potentials of 
all our studied brain structures in the effective period of the con- 
ditioned stimulus was enhanced and its maximum shifted gradually 
towards the higher theta-rhythm values, in line with the shift of 
the maximum for the autospectral functions. 

The coherence level was lowest between the RF potentials and 
those of the other studied brain structures, but in that case the max- 
imum value olf coherence appeared in the theta range, and ap- 
proximated zero in the remainder bands of the frequency spectrum. 

The level of cross-correlation coefficients, indicative of the extent 
of the summary linear relationship between the processes in a 
broader range of frequencies (from 1.0 to 30.0 Hz) proved to be un- 
equal for different brain structures. Its values fell to a minimum 
between the RF and other structures’ potentials. This was paral- 
leled by associated maximum phase shifts in the theta range (495°). 

Thus, the changes in bioelectrical activity in the realization of 
a behavioural conditioned reaction amount to the establishment of 
isorhythmicity in the theta range of the studied brain structures 
with the greatest level of coherence concentrated in the same fre- 
quency. 

The conclusion drawn from studies by Efremova and _ Trush 
(1971, 1973), Efremova et al. (1977), Efremova et al. (1979) are as 
follows. In conditioning a reflex to light reinforced with electrical 
pulses applied to the paw skin, cortical and subcortical formations 
become involved in the process both at its early and later stages. 
The structures involved belong to different brain systems, either 
specific or non-specific, and include: the sensomotor, visual, and 
auditory regions of the neocortex, areas CAs; of the dorsal hippo- 
campus; midbrain reticular formation; anteroventral nucleus of the 
thalamus; amygdala and septum. We believe it is the process in theta 
range that coordinates the activity of these formations into an in- 
tegral functional system. 

We are convinced of this by the fact that the theta rhythm is 
a global process widespread throughout numerous brain structures 
in a variety of behavioural situations in rabbits (Mamedov, 1969; 
Livanov, 1972; Kotlyar, 1977) and in other animals, particularly 
during spontaneous movements, emotional strain, in a state of 
attention, and_ realizing orienting and conditioned reflexes 
(Grastyan et al., 1959; Elazar and Adey, 1967[a]; Elazar and Adey, 
1967[b]; Pickenhain and Klingberg, 1967; Lopes da Silva and 
Kamp, 1969; Vanderwolf, 1969; Preobrazhenskaya, 1974). 

This conclusion is also confirmed by direct data on the im- 
portance of the time factor in transmission of excitation between 
distant brain regions; the neurons of two analysers, visual and 
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sensomotor, interact so that the greatest probability of response by 
one of them to another’s excitation recurs at an interval of 
200 msec, consistent with the quantizafion of the perception of 
impulse sending in the theta range (Livanov, 1975). 

But apparently the functional integration of brain structures 
leads to the accomplishment of a conditioned behavioural act as 
long as there is a proper level of excitability of the brain structures 
comprising the conditioned-reflex functional system, sufficient to 
actuate it. 

This view is also confirmed by the fact that the 6.0 Hz frequency 
is present in the potentials of all the studied brain structures in 
the majority of cases when a behavioural conditioned-reflex act is 
accomplished. 

A frequency close to the previous one, 6.5 Hz, was identified 
also by other researchers (Elazar and Adey, 1967[a, b]) in the 
potentials of several limbic formations in cats when they perform 
correctly a conditioned-reflex task in conditions of free behaviour. 

Experiments with driving rhythm via direct varying-frequency 
electrical stimulation of the medial septal nucleus in rabbits showed 
that stimulation with 7.0 and 9.0 Hz frequencies accelerated and 
those with frequencies below 5.0 Hz slowed down conditioning 
(Korinevskaya, 1978). 

In this context, the results of a spectral and coherent analysis 
of the EEG of different cortical structures and subcortical brain 
formations made in certain types of internal inhibition are of in- 
terest (Efremova and Trush, 1974; Livanov and Efremova, 1980; 
Efremova et al., 1981). The analysis was performed on EEG auto- 
spectral functions of the sensomotor, visual and auditory neocortex 
areas, dorsal hippocampal area CAs, reticular midbrain formation, 
and anteroventral thalamic nucleus in various situations matching 
the state of internal inhibition in terms of behavioural expression. 

In the early period of differentiation, when a behavioural reac- 
tion in response to DS exposure still persists, the latter induced 
changes in EEG frequency parameters of the studied brain struc- 
tures which were similar to those observed on exposure to positive 
CS, accompanied by the behavioural reaction. 

Not so in an elaborated differentiation when in response to the 
action of a differentiated stimulus (a sound) unaccompanied by a 
behavioural motor response (DC—) a regular decrease in the theta- 
rhythm frequency from its level at the period before DS presenta- 
tion was observed and the modal value of the theta-rhythm fre- 
quency in the studied brain structures was reliably lower than on 
exposure to positive CS (Fig. 6.2). Depending on the brain struc- 
ture, it assumed different values, from 4.5 to 5.5 Hz. 

The average value of theta-frequency variation in the period of 
DS exposure was negative though its mode conformed to ‘0’ 
(Table 6.2). 


F, dit.-F] 


dit.-[] 


50 
%o 


2 


14 


NAAAN AARAANNAAAANANRAANRAAS 
KAASAS AAAS AAA MAAS AAAS) 


BASASASAAMASAAAASSSASS SS 
AAAAAARIA LATAAVALAVLEVRUA VVC PRALGAGCRVALY 
RARRVAVUURETUUREEBASRASRURRRABRYY 


40 
% 
10 


30 


KA AAAAANMTASSAS SAAS SN 

BAAD AS AA ASSAAASASSASASSASSSASSSS 
PAAARAABAASNAANAASAASASSASSSASSS SSS 
DL ASS AAS SAS ADAAAAAAS ASSAY 


10 20 30 4.0 5.0 60 7.0 80 90Hz}10 20 30 40 5.0 60 7.0 80 9.0Hz 
10 2.0 30 40 5.0 60 7.0 80 90Hz!I1.0 20 30 40 50 60 70 80 9.0H2 


. 
30 
20 
10 


reaction: 
Gp. — ny = 53; ny = 57; 
38; Nyy = 38. 


Other designations are the same as in Fig. 6.1. 


he period of exposure to differentiated stimulus (open 
G, — Dy 


Histograms of frequency distribution in EEG spectro- 
square) and the period immediately preceding its presentation (hatched 


uare). These are averaged data for five rabbits. The instances correspond 


@ 

wn 

| 

ro) 

2, 

m 

@ 

| 

| aes | 

Pi 

fy 
Bates 
~ th 
= ‘S19 1 

oS 
Net a reo 
CO w— roe 
om ww O 
re ee 
: cr) er 
fz © 3 in 1 
oA & | | 

oa a 
° Sada 

n © 
aaaal | 
ss mo ef 63 
60 nwo 


6. Spatial Synchronization and Conditioned Reflex Formation 127 


Table 6.1. Average Theta-Rhythm Frequency (f av. 6) 
in Different Behavioural Situations 


‘ Presence of : 
No of : Brain oes 6 rhythm Error f av. 
: Type of situation - conditioned- 
situations ‘4YP resion’ sv efiex resction Z Hz 


1 cs Sm — 5.287 +0.059 
DH 5.299 +0.053 

RF 5.365 +0.109 

AV o.212 +0.054 

2 DS Sm — 5.103 +0.093 
DH 5.070 +0.086 

RF 5.208 +0.149 

AV 4.868 +0.087 

3 cs Sm a 5.904 +0.062 
DH 5.865 +0.045 

RF 6.042 +0.065 

AV 5.811 +0.075 

4 Background be- Sm 5.153 +0.082 
fore CS — DH 4.966 +0.054 

RF 5.3941 +0.15¢ 

AV 4.954 +0.052 

5 Background be- Sm 5.263 +0.129 
fore DS— DH 5.333 +0.120 

RF 5.399 +0.140 

AV 4.885 +0.072 

6 Background be- Sm 5.148 +0.056 
fore CS+ DH 5.157 +0.058 

RF 5.328 +0.104 

AV 4.882 +0.054 


Besides a decline in theta-rhythm frequency on DS exposure, 
there was a disagreement of the theta-range frequencies between 
the processes proceeding in the studied brain structures (Tables 6.3. 
and 6.4). 

We subjected to separate analysis the cases with no conditioned 
movement in response to a positive conditioned stimulus (light) 
(CS—). We estimate these instances as a consequence of inhibi- 
tion process in the CNS. The data of analysis showed that on ex- 
posure to the positive CS not accompanied by a conditioned be- 
havioural reaction, the degree of theta-rhythm change in the po- 
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Table 6.2. Variation of 0-Rhythm Frequency im Sm, DH, RF and 
AV Potentials Versus.Previous Background in Different Behavioural Situations 


for 95 per cent Significance 


Average Probability wogal value 
No of : P of random 
situa- resion Situation fivitineya. difference Of 0 frequ- 
tions riation, Hz from back- “tion, Hz 
ground 
4 Sm CS (+) +0.63 0.0* +1.0 
DH +0.607 0 .0* +1.0 
RF +0.792 0.0* +1.0 
AV +0 .806 0.0* +1.0 
2 Sm CS (—) +0.211 0.005* 0.0 
DH +0.333 0.0* 0.0 
RF +0.042 0.73 0.0 
AV +0.218 0.001* 0.0 
3 Sm DS (—) —0.105 0.303 —0.25 
DH —0.303 0 .002* —0.25 
RF — 0.047 0.664 0.0 
AV — 0.007 0.937 0.0 
4 Sm Extinction —0.238 0.02* +0.25 
DH (—) +0.275 0.018* +0.25 
RF +0.300 0.015* +0.25 


* Significant differences 


(+) or (—) Respectively, presence or absence of behavioural] reaction in 
response to the use of the stimulus so marked. 


Table 6.3. Coincidence of 0-Range Frequencies between Sm, DH, 
RF and AV Potentials in Different Behavioural Situations 


No of 
situations 


OU ibs GO DO 


Nature of EEG segment 


Presence of be- 


havioura] reac- 


tion (paw flexion) 


CS 
Background before CS (++) 
cs 


Background before CS (—) 
DS * 


Coincidence of 
@-range frequ- 
encies, %% 


“101 © 


= 
MRO 
COOnmo kh — 


6. Spatial Synchronization and Conditioned Reflex Formation 129 


Table 6.4. Comparison of Degree of Coincidence of @-Range 
Frequencies between Sm, DH, RF, and AV Potentials in Different 
Behavioural Situations According to X? Criterion for 95 per cent Level 
of Significance , 


: No of : : Probability o 
eGR canta Situations compared spec ee n roense 

1 CS (+) and CS(—) 0.0* 

2 CS (+) and DS(-—) 0.0* 

3 CS (+) and background before CS (—) 0.0* 

4 CS(-—) and DS(—) 0.0151* 

5 CS (-—) and background before CS(-—) 0.0042* 

6 Background before CS(-++) and background 0.2339 


before CS(—) 


* Significant difference 


tentials of the investigated cortical formations and subcortical brain 
structures occupied an intermediate position between what had 
been observed for CS+ and DS—-; in other words, in some cases 
we encountered a slight increase of theta-rhythm frequency but 
not nearly as much as in the incident with a conditioned move- 
ment, while in some other cases the theta rhythm frequency be- 
came lowered. 

Examination of the histogram of theta-rhythm change in res- 
ponse to CS in the absence of a conditioned behavioural response 
revealed its modal value to be zero, i.e. that in most cases the 
theta-rhythm frequency does not change in response to CS from 
the period before the stimulus was presented. However, the average 
value of the theta-rhythm change in response to CS— had moder- 
ately low positive values (Table 6.2). The extent of similarity 
between the processes in the theta range in the CS— situation 
occurred also in the intervening position between CS+ and DS— 
(Table 6.3). 

In the extinction of a conditioned reflex the dynamics of theta- 
rhythm change in different cortical structures and subcortical for- 
mations involved followed the same regular pattern as in differen- 
tiation (Table 6.2). | 

Thus the analysis of the reviewed results demonstrates that the 
action of both positive and negative conditioned stimuli or, from 
the behavioural perspective, both the active state attended by a 
conditioned behavioural act and the internal inhibition state, man- 
ifested as the lack of conditioned behavioural response, give rise 
to a theta rhythm in the potentials of different cortical structures 
and subcortical formations of the rabbit brain, including the sen- 
somotor, visual and auditory neocortex regions, dorsal hippocampal 
9—0256 
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area CA3, midbrain reticular formation, anteroventral thalamic 
nucleus, lateral geniculate body, amygdala and septum. 

There is a substantia] difference, however, between the electro- 
graphic parameters reflecting the value of the theta-rhythm fre- 
quency and the correlation between the processes in the theta range 
in different brain regions appropriate to these two functional states. 

First, the active state is accompanied by a high-level similarity 
in the theta-range processes between the cortical structures and 
subcortical brain formations and, conversely, a disagreement with 
these processes is observed in the inhibition states—on exposure 
to differentiation and extinction stimuli or a positive conditioned 
stimulus unaccompanied by conditioned behavioural reaction. 

Second, the theta-rhythm frequency appears to be significantly 
higher in the former than in the latter case. 

These findings give grounds to believe that various regions of 
the cerebral cortex as well as subcortical formations belonging 
either to the specific or non-specific brain systems are involved in 
conditioning both at the early and later stages of the process. We 
consider that the activity of these formations integrates into a 
common functional system by some processes, theta rhythm in- 
cluded. 

The fact that theta rhythm constitutes a global process spreading 
far and wide through many brain structures in different behavioural 
situations, in particular during conditioned reflex formation and 
realization, confirms our assumption. 

In support of the inference are also the data above, which attest 
to disturbance of isorhythmicity in the theta range between the 
processes in the cortical and subcortical brain formations in the 
states accompanied by inhibition processes (with the developed 
differentiation and extinction) (Efremova and Trush, 1974; Livanov 
and Efremova, 1980; Efremova et al., 1981). 

Direct evidence supporting the proposition that theta rhythm is 
a process functionally integrating different brain structures for the 
realization of a particular function is the fact discovered in the 
analysis of interaction between pairs of neurons from the visual 
and motor analysers (Livanov, 1975). 

As it turned out they interact in a way whereby maximum 
probability of response by the second neuron to the excitation of 
the first (in the sensomotor cortex) occurs at an interval of 
200 msec, in line with the quantization of the perception of an im- 
pulse sending in the theta range. 

But the functional integration of the brain structures would 
seem to bring the accomplishment of a conditioned behavioural act 
if there was an adequately high level of excitation of the brain 
structures constituting the conditioned-reflex functional system 
which is sufficient to actuate it. This is confirmed by the observa- 
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tion that in the majority of cases when a behavioural conditioned 
act is performed there was a high theta-rhythm frequency, 1.e. 
6 Hz, in the potentials of the studied brain structures (Efremova 
et al., 1979). A frequency of 6.5 Hz appr6éximating the former was 
observed by other authors (Elazar and Adey, 1967) in the poten- 
tials of several limbic formations of cats as they perform correctly 
a conditioned-reflex task in free behaviour. 

To be added to this is the finding that the spatial equality of 
theta rhythm oscillations in amplitude has a major role in the 
spread of excitation (Knipst et al., 1976; Balashova and Vasiliev, 
1977). 

i investigation of the thresholds of motor reactions to direct. 
electrical stimulation of rabbit sensomotor cortex revealed that. 
these thresholds are reduced with increasing synchronism of the 
cortical potentials involved (Korolkova, 1977). 

Whenever a behavioural conditioned response to the same p0o- 
sitive conditioned stimulus is absent the theta rhythm of a reliab- 
ly lower frequency is dominant in the potentials of the investi- 
gated brain formations( Efremova et al., 1981). 

Therefore, the conditioned stimulus acts as a trigger setting off 
a series of systems, among them the system producing synchro- 
nized processes (theta rhythm) in the cerebral structures that reflect 
a certain degree of the latter’s excitability and the system respon- 
sible for a uniform time flow of the bioelectrical processes in these 
structures (the system of spatial synchronization). The process is 
quite clear cut in the theta-rhythm range. 

What are, then, the formations associated with control of the 
integration-disintegration of brain structures? 

Data of the analysis show (Efremova et al., 1981) that in the 
inhibition states the theta rhythm persists in three of the four 
brain structures analysed (in the potentials of the sensomotor 
cortex, dorsal hippocampus, and anteroventral thalamic nucleus). 
For all that, its frequency (4.5 to 5.0 Hz) was significantly lower 
in comparison with the active state (6.0 Hz) in the realization of 
the conditioned reflex. By contrast, in the potentials of the mid- 
brain reticular formation the theta rhythm was observed reliab- 
ly rarer than in the background or in the execution of the 
conditioned behavioural movement in response to CS application 
(Table 6.5). 

The literature offers indications that the midbrain RF promotes 
increasing synchronism of the bioelectrical processes between dif- 
ferent brain regions. 

In experiments on rabbits short (one msec) single elec- 
trical RF stimulations were shown to elicit, in the brain cortex, 
particularly its sensomotor and visual regions, evoked responses 
that are much alike in their form. Synchronism of their occurrence 
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TabJe 6.5. Presence of 6-Rhythm in RF Potentials in Different 
Behavioural Situations 


-— ae o,. ooem 


No of Presence of Presence 
a Situation tezevigwal af theta 
tion (paw flexion) Mon 
1 CS 100 
2 Background lefore CS(-+ ) 67.9 
3 CS — 81.3 
4 Background before CS (—) 04.2 
5) DS — 58.0 


becomes most clearly evident for the duration of 500 msec (Yaku- 
pova and Ignatiev, 1977). 

The evoked responses to light with no RF stimulation in the 
same cortical regions appear to be much less similar. 

-The synchronizing effect of the midbrain RF is distinctly shown 
also if one collates the coherence functions immediately before aii. 
after the stimulation. Its level has been found to rise markedly 
between those two events as a result of short RF stimulation. 

In experiments on rabbits a 10-second stimulation of the mid- 
brain RF (100 acd 250 Hz) was shown to increase the total sum- 
mary synchronization level of the neocortex biopotentials in the 
range from 1 to 30 Hz sustained over 10 minutes and longer, and to 
add prominence to the theta rhythm and increase the level of co- 
herence in the theta range between the potentials of the visual and 
sensomotor regions (Yanson ant Markin, 1977). 

Therefore, the excitation of ise midbrain RF leads to an in- 

creasing level of spatial synchronization in the brain cortex bio- 
potentials, thus presumably contributing to the functional interac- 
tion of brain structures in a certain activ'ty. 
- The latter point is well illustrated by the data su;‘gesting that 
evoked potentials in the visual and sensomotor rabbit cortex show 
greater similarity when a flash is delivered on traces of the pre- 
vious RF stimulation (Yakupova and Ignatiev, 1977). 

As shown earlier for automated controlled experiments, the spa- 
tial synchronization and coherent pattern of the processes in the 
theta range in the cortical potentials is a requisite condition for the 
spread of excitation between the respective analysers (Livanov, 
4972; Korolkova, 1977). 

This fact makes it possible to explain the activating effect of 
the midbrain RF. Obviously, it contributes to the spatial syn- 
chronization of the cortical bioelectrical processes and thereby en- 
courages functional interaction between the brain structures in- 
volved..Such an influence of the midbrain RF was shown earlier 
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(Yanson and Maikio, 1977) to engage much of the neocortex. But 
because the action of the exteroceptive stimulus (light) makes for 
the isorhythmical flow of the processes in the theta range both be- 
tween different subcortical brain structurés and the latter and the 
neocortex (Efremova ct 3] i979) and because of the sheer pres- 
ence of numerous morphological connexions between the various 
brain formations, one may well hypothesize the spread of the RF 
influence not only on the cortical, but also on other, subcortical, 
brain structures. 

Thus, spatial synchronism of the cortex potentials rises signif- 
icantly with the accomplishment of an orienting reaction on ex- 
posure to exteroceptive stimuli. It becomes confidently higher also 
in conditioning (Efremova and Trush, 19741; Livanov, 1972; Luch- 
kova, 1973). 

In the experiments cn rabbits for producing a conditioned de- 
fensive reflex to a non-rhythmical light reinforced with an electrical 
shock applied to the hind paw skin, a ‘correlation field’ of the brain 
cortex potentials was registered (Luchkova, 1973). In that case, 
one electrode, ‘main’ one, was posted on the skull bone, overlying 
the motor centre of the hind paw, and the remaining 23 electrodes 
were arranged in semicircumference at equal distances from it. 
Cross-correlation coefficients were then estimated between the 
‘main’ centre and all other leads (Fig. 6.3) for the epoch of analy- 
sis equal to 1.5 sec. In magnitude, they conformed to the length 
of rays in the semicircumference. In this way the broken line 
jwining the resultant points reflects the degree of synchronous (with 
the process at the ‘main’ point) occurrence of potential flow within 
the area of one hemisphere. 

To see the significance of the correlation fiel’!) from such an 
ang'> would be impossible, were it not for the findings of several 
studies elucidating the structure of spatial synchronization of rab- 
bit corfex potentials (Tishaninova, 1974; Korolkova, 1977). The 
studies demonstrated that the cross-correlation coefficients of the 
rabbit neocortex potentials decreased monotonously with increasing 
distauce between the electrodes leading electrical activity. 

It is on these grounds that, by recording the cross-correlation 
coefficients between the potentials led from the ‘main’ site, on the 
one hand, and each of the leading electrodes, semicircumferent ana 
equidistant from the latter, on the other, we are in a position to 
judge the level of the ‘correlation field’ in the neocortex. 

So, with development of a conditioned defensive reflex the correla- 
tion field evenly spreads itself by degrees to all of the registered 
cortex areas (Luchkova, 1973) (Fig. 6.3). 

Increasing general synchronization of the cortex potentials in elab- 
oration of a conditioned defensive reflex in the rabbit stands out 
clearly from a review of histograms devoted to the distribution of 
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cross-correlation coefficients between the potentials of the sen- 


somotor and visual regions in the rabbit neocortex in the course of 
a conditioned reflex formation (Fig. 6.4). As is seen, progressing 
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Fig. 6.3. A. Change of spatial synchronization between cortical 
potentials with the development of conditioned reflex to light. The graphs are 
in polar coordinates with the cross-correlation coefficients (C) between the 
motor centre and plots located around it at equal angles of 11.3°. 


1—plotted on each ray are the values of C from 0 to +1.1, averaged back- 
ground prior to the reflex development; 2—after a specified number of pairings. 


B. Given on a schematic brain contour is the position of lead electrodes: 


1—motor centre; the points denote remaining electrodes sitting on the 
radii at equal distances from it and at equal angles; the lines show the borders of Rose’s 
cytoarchitectonic fields (Rose, 1931). 


of the conditioned reflex formation causes the distribution maxi- 
mum to shift towards the higher values of the cross-correlation 


coefficients (Luchkova, 1973[b]). 
Yet, on the background of global enhancement of synchronization 


in the course of the conditioned reflex elaboration its preponderant 
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Fig. 6.4. Dynamics of change of distribution curves of cross-cor- 
relation coefficients in the development of conditioned defensive reflex (A) 
and diagram of motor conditioned movements (8). 
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growth was detected between the potentials of the ‘concerned’ an- 
alysers, i.e. the sensomotor and visual regions, in the development 
of the conditioned reflex to light reinforced by an electrical shock 
applied to the paw skin. This selective enhancement of synchronization 
comes on with particular clarity during the realization of a condi- 
tioned motor response (Luchkova, 1973[a, b]) (Fig. 6.3 and 6.5). 
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Fig. 6.5. Change of spatial synchronization of cortical potentials 
at the moment of action of conditioned stimulus with conditioned move- 
ments. The graphs are in polar coordinates. 

—.—.—averaged background prior to conditioning; — — — —averaged 


background prior to action of conditioned stimulus; at the action of conditioned 
stimulus; .... immediately before action of conditioned stimulus (1.5 seconds before). 


It is interesting to note that, in extinction, i.e. on exposure to a 
non-reinforced stimulus (light), and provided no conditioned move- 
ment takes place, no specific gain in synchronism of the potentials 
between the ‘concerned’ regions of the cortical analysers comes 
about either (Luchkova, 1973[b]). 

As was shown earlier (Livanov, 1972), the magnitude of the 
cross-correlation coefficients between the potentials of rabbit brain 
structures depends mainly (with the exception of some states, in 
particular in differential inhibition) (Efremova and Trush, 1973) 
on the coherence level of the processes going on in the theta range. 

It has been already said, nevertheless, that in conditioned defence 
reflex elaboration (to light, with an electrical skin reinforcer) the 
theta range owns broad scope also in cortex areas other than those 
of the ‘concerned’—visual and sensomotor—analysers (Efremova 
and Trush, 1973). 

In light of the fact that the cross-correlation coefficients re- 
present a summary parameter and reflect the correlation of bioelec- 
trical processes within a broad frequency range, it is not unlikely 
that the specific gain in synchronization between the potentials of 
the ‘concerned’ analysers in the realization period of a behavioural 
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conditioned act may be traced to a higher-frequency (above the 
theta band) area in the EEG spectrum. 

Electrophysiological literature knows of relatively few works ad- 
dressed to the EEG high-frequency components. One of the first. 
to appear was a pioneer study on fast oscillations in human brain 
(Spilberg, 1947). It was followed in the 1%40’s and 1950’s by a 
series of similar studies on different animals and with visual EEG 
analysis as the basic research tool. Thei: authors were then in 
disagreement about the origin of high-freyuency EEG rhythms, 
suggesting, among others, the 50 Hz range for them. Other 
workers attributed it to the vibration »{ conchae in rabbits 
(Khechinashvili and Roitbak, 1950) ana still others favoured 
strongly a neural nature for the rhythm but related it to the ac- 
tivity of the olfactory analyser alone (Klivoles and Novikova, 1948; 
Novikova and Khvoles, 1953). 

But even in those years, at least some of the studies then pub- 
lished (Gedevanishvili, 1948, 1955) succeeded in locating the 
origin of the 55 Hz rhythm in rabbit EEG both in the olfactory 
bulb and the frontal areas of the neocortical frontal lobe on ex- 
posure to various exteroceptive stimulations which induced an 
animal’s alertness or emotional arousal. 

On the contrary, with the animal fully at rest and with no ex- 
ternal stimuli to attract his attention, the rhythm would be re- 
duced. 

In conditioning in a rabbit this author discovered that the 55 Hz. 
rhythm had increased markedly and emerged no longer in the form 
of separate bursts and spindles, as in the orienting reaction, but 
manifested itself continuously, with a large amplitude, and not 
only in the EEG of the frontal brain regions but also in the visual 
area of the neocortex (in the development of a conditioned reflex. 
to light) (Gedevanishvili, 1948). 

A number of researchers, while not denying the origin of such 
rhythms in the olfactory brain structures in connexion with respi- 
ration, referred to influences by other possible brain formations on 
these structures (Hernandez-Peon, 1960; Brooks, 1962; Pagano, 
1966). 

It was argued in this context that the rhythms from 40 to 
70 Hz may indicate the functional state of the brain. Hernandez- 
Peon (1960) and Pagano (1966) offered direct evidence for am- 
plitude changing of the high-frequency EEG components of the 
olfactory bulb (in the range of 50 to 100 Hz) in cats in response 
to electrical stimulation of the midbrain reticular formation. 

Though the above-enumerated works did prove the neural nature 
of the EEG high-frequency components, nevertheless their authors. 
had been unable to ignore the influence of respiration upon this 
activity. 
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By the method of EEG recording in a tracheotomized animal 
with air-blowing in rigorously measured quantities through the 
nasal passages (Schwartze, 1970[a, b]), it had been possible to 
exclude the factor of influence of nasal respiration on EEG 
rhythms and thereby directly prove the amplitude of the high-fre- 
quency EEG components of the olfactory brain to be dependent 
upon influences of other various subcortical formations when elec- 
trically stimulated and also when exteroceptive stimuli were pre- 
sented to the test animal. 

In this way, the influence on the high-frequency activity of the 
olfactory brain by other structures was firmly established, and so 
was the fact that the high-frequency EEG components of the ol- 
factory brain could reflect the functional state of the brain. 

Whereas a majority of contributions to the research on the high- 
frequency EEG components were executed on the olfactory brain, 
some were concerned with other brain formations. 

One such, by Pickenhain and Klingberg (1969), showed the 
existence of high-frequency activity for the neocortical (senso- 
motor and visual regions), and dorsal-hippocampal regions inde- 
pendent of the similar activity by the olfactory brain. 

In experiments on unanaesthetized rabbits (Stumpf, 1965) and 
cats (Bradly, 1962; Boudreau and Freeman, 1963) the existence 
of the hippocampal high-frequency activity was documented in the 
40-70 Hz range, at once with a somewhat slower theta-range ac- 
tivity. The authors’ conclusion was for independent origination 
mechanisms of these two types of rhythmical activity. 

Several authors took notice of the high-frequency rhythms 
(60-70 Hz) in the EEG of the rabbit sensomotor cortex that ap- 
peared during instrumental conditioning (Sadowski and Longo, 
1962) and in different areas of the dog neocortex (30-35 Hz)— 
during defensive conditioning (Lurie et al., 1956), or in a stereo- 
type of conditioned reflexes (Sakhiulina, 1955). 

In conclusion, the literary facts cited above with respect to EEG 
activity in the 40-70 Hz range indicate it to be of the neural na- 
ture, inherent in the olfactory as also in other brain structures, and 
varying in character with the functional state change of the central 
nervous system, because it reflects, presumably, the latter’s active 
state. The origination mechanism of the high-frequency activity is 
probably different from that of rhythms in a more slow range, 
theta rhythm for one (Stumpf, 1965). 

In recent years, high-frequency components of the biopotentials 
of rabbit neocortical. and dorsal-hippocampal regions have been 
studied in our laboratory with the Fourier fast-transform method 
on an EC-1020 computer. 

The findings revealed the presence, in spectrograms of investi- 
gated cerebral regions, of a dominant frequency in the region of 
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00 Hz, during elaboration of conditioned defence reflex in rabbit 
to non-rhythmical light reinforced with a shock applied to the paw. 
An analysis of the coherence functions between the potentials of 
the brain areas being studied identified, at the stabilized conditioned 
reflex stage, a high level of coherence in the narrow range around 
90 Hz, selectively between the potentials of the ‘concerned’ analys- 
ers (i.e. the visual and sensomotor neocortical areas) to which the 
conditioned and unconditioned stimuli had been addressed. Between 
the biopotentials of the regions unaddressed by the conditioned and 
unconditioned stimuli (i.e. between the auditory and sensomotor 
regions) the coherence level was significantly lower (Efremova 
et al., 1981). 

Dumenko (1977) called attention to the functional role of the 
high-frequency components of the neocortical potentials in dog in 
conditioning food-acquisition and defensive reflexes. 

One would gather the impression as if theta rhythm, the basis 
of spatial synchronization between numerous cortical and subcortical 
structures, were spreading globally through these structures in 
parallel with the formation and realization of the conditioned de- 
fence reflex. It is therefore not surprising that, to judge by this one 
parameter (theta rhythm), many cortical and subcortical structures 
seem to contribute to the formation of conditioned reflex. For the 
findings of many-year research by numerous authors have built a 
convincing case for the principle of integral brain activity under- 
lying its actual operation (Belenkov, 1980). 

The principle does not rule out, however, predominant activa- 
tion, in different functional states, of appropriate brain structures. 

Indeed, studies on rabbits by a variety of methods—isolation of 
neocortex from the subcortical formations by Khananishvili’s 
method (Khananishvili, 1971); cross-cuts setting apart its different 
structures; and isolated cortical strip by Burns’ method (Burns, 
1950) —showed the existence or a well-defined architecture of spatial 
synchronization between brain cortex potentials in the background. 
It reveals itself through monotonously decreasing values of cross- 
correlation coefficients with increasing distance between the lead 
electrodes and is contributed to by both, intra-cortical as well as 
subcortical-cortical influences (Tishaninova, 1974; Knipst, 1967, 
1976). 

As previously mentioned, there are reasons to believe that global 
synchronism enhancement of the cortical potentials in conditioning 
has to do with the diffuse influence of the reticulo-septal system 
(Livanov, 1981). 

In actual fact, the more local, specific gain in synchronism men- 
tioned earlier between the cortical potentials of the ‘concerned’ 
analysers does not appear in response to the presentation of con- 
ditioned stimulus under the conditions of temporary blocking out 
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by novocaine or dc-anode, of mamillary bodies or non-specific 
nuclei in the thalamus (midline nuclei or interlaminar nuclei), 
along with some nuclei in the hypothalamus (posterior or dorso- 
inedial nuclei). As this happens, the conditioned behavioural reac- 
tion does not occur either, whereas the global synchicnism of the 
cortical potentials persists as before (Luchkova, 1979) (Figs. 6.6 
and 6.7). 


Fig. 6.6. Change of spatial synchronization between cortical po- 
tentials under temporary blockade of n. mammillaris medialis during action 
of conditioned stimulus. 


Rabbit No 61. 1—averaged background just before action of conditioned 
stimulus; 2—at the moment of its action. A—prior to polarization: th: 140 pairings—with mo- 
vement; B—at the time of polarization: the 142 pairings—with no movement; C—position 
of the electrodes in a sch: matic contour. 


Therefore, there is ercugh evidence to postulate a major role of 
the just cited subcortical formations, i.e. non-specific thalamic nu- 
clei, some hypothalamic nuclei and structures of the limbic circle, 
in the initiation of the ‘specific’ synchronization between cortical 
potentials as conditioned reflex is realized. 

The fact that some rhythmical EEG compore:is of a rabvit’s 
neocortex depend on subcortical influences wav illustrated iu a 
study with potentials registration from an isolated cortex strip 
(Elkina, 1975; Bobkova, 1979). 

A spectral analysis of the EEG of an isolated cortex strip under 
these conditions indicated that theta-rhythm oscillations in the 
neocortex also took place when the latter was isolated against in- 
fluences by subcortical centres and other brain formations, partic- 
ularly dorsal hippocampus. For all this, the theta rhythm of an 
isolated neocortex strip differs in frequency from the theta rhythm 
of other brain formations anv the level of coherence function be- 
tween the processes proves to be low. 
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The facts discussed above confirm the involvement of cortical- 
subcortical processes in ie production of cortical rhythms and the 
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Fig. 6.7. Change of spatial synchronization of cortica) potentials in 
the development of conditioned reflex with temporary blockade of non- 
specific thalamic nucleus (n. reuniens) by anodic polarization. Rabbit No. 50. 


A—the graphs are in polar coordinates, with C values from 0 to +1 plotted 
on each ray. 1—averaged (for 32 C) background in the intersignal period immediately before 
the pairing; 2—at the moment of action of conditioned stimulus (1.5 sec. epoch); prior 
to polarization: the 90 pairings; during polarization: the 91 pairings after 5 minutes; the 
93 pairings after 15 minutes, and the 94 pairings after 20 minutes; upon termination of polar- 
ization: the 97 pairings after 40 minutes; the 99 pairings after 50 minutes; 90, 97 and 99 pair- 
ings—with movement; the 91, 93, 94 pairings—with no movement. B—given in a schema- 
tic contour of brain is the position of electrodes. 


architecture of cortical spatial synchronization and, consequently, in 
conditioning and in conditioned reflexes realization. 

Analysis of the results obtained lends credence to the assertion 
that there are two systems in control of cortical activity, not least 
in conditioning and in realization of conditioned reflex. One of 
these acts diffusely (reticular-septal) and another one (mamillary- 
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thalamic) exerts a more local influence on the cortex. Interaction 
between the two systems turns out to be a necessary condition for 
the formation and realization of conditioned reflex. 

In view of the facts cited in the foregoing, one may suggest a 
greater role for the high-range frequencies in the activation of the 
second system. 
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[ The Dominant and Its Role 
in Animal Behaviour 


R.A. Pavlygina, D.Sc. (Biol.)e 


The first observation of the dominant we find in the 
work of the Russian physiologist Wedensky (1954[a]). In 1881 
he studied the influence of electrical stimulation of the vagus 
nerve on breathing movements of the animal. In the course of 
this research he discovered that, when the excitation of the nucleus of 
the vagus nerve was increased by long stimulation, the addition of 
short stimulation of other sensory nerves had the same effect on 
respiration that it would if the vagus nerve itself were stimulated. 

Wedensky (1951[b]) observed the similar phenomenon of the 
dominant in a different experiment. Certain points in the motor 
cortex were stimulated for some time. This was shortly followed 
by stimulation of other cortical areas and the effect obtained was 
of the type common for the previously stimulated point. At the 
time, these findings were considered by Wedensky as ‘distortion’ 
of the reactions involved—when some stimulation provokes quite 
another reaction than that ordinarily elicited by the stimulus. 

In 1904 Ukhtomsky (1966), while preparing a dog for one of 
Wedensky’s experiments with stimulation of the motor cortex, was 
astounded to see the contents of the animal’s rectum thrown out 
in response to a stimulation of the cortex that would normally yield 
the movement of the forelimbs. When the act of defaecation would 
draw to a close, increased excitability would be observed at the 
cortical points connected with the limb movement. Uncertain just 
then about the physiological implications of the occurrence, Ukh- 
tomsky jotted it down ‘for memory’ and in 1909 proceeded with 
its experimental investigation. The result was a dissertation ‘On 
the Dependence of Cortical Motor Effects upon Collateral Central 
Influences’ ([bid, p. 31). 

In 1923-1927, in a series of works, Ukhtomsky outlined the key 
concepts of his theory concerning the dominant. The dominant was 
held to be a general principle in the action of nerve centers; it 
underlies the constant reorganization of intercentral relations. The 
application of the dominant principle was described by Ukhtomsky 
in the biological, philosophical and behavioural aspects. 

Ukhtomsky defined the dominant as follows: ‘A prevalent focus 
of excitation that predetermines in large measure the character of 
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ongoing central reactions at a given moment’ (Ukhtomsky, 1990, 
p. 164). 

...a Stable focus of increased excitability of centers, however it 
may be caused, getting the excitations newly arriving at the cent- 
res to augment (reaffirm) the excitations in the focus, with in- 
hibition broadly diffused elsewhere in the central nervous system” 
(Ibid, p. 165). 

... partly under the influence of hormones of the organism and 
partly under the reflex influence from outside, foci of increased 
excitability develop in the nervous system, which, precisely be- 
cause of their increased excitability, show somewhat facile re- 
sponses to most diverse and distant stimulations applied to the 
organism’ (/bid, p. 186). 

Further on: ‘a sufficiently steady excitation... accumulates. 
within it the excitations from most distant sources but inhibits the 
ability of other centres to respond to the impulses directly relevant 
to them’ (/bid, p. 190). And the last of his definitions of the domi- 
nant, to be found in the entry he wrote for the first edition of the 
Large Soviet Encyclopaedia, said: ‘the dominant (L. dominans 
ruling) in physiology is a temporarily dominant reflex by which 
the operation of other reflex arcs and the reflex apparatus as a 
whole is transformed and guided in a given time, other conditions 
being equal’ (Ibid, p. 325). 

Summing up the characteristics of the dominant Ukhtomsky 
concluded on the dominant to be characterized essentially by in- 
creased excitability, persistence of excitation, summation and iner- 
tia. One must not overlook Ukhtomsky’s emphasis on a certain 
level of increased excitability necessary to produce the dominant. 
An excessive increase of excitability beyond that level renders the 
focus of excitation incapable of further summation. It was summa- 
tion Ukhtomsky conceived of as the major property of the domi- 
nant. He wrote, ‘One would be extremely careless to presume that 
the dominant is “the centre of strong excitation” in the sense of 
some stationary state. To be precise, all one needs to say is that 
the dominant is the centre most readily responsive to distant waves 
and very easily summating in itself the excitations caused by them’ 
(Ibid, p. 281). 

Ukhtomsky spelled out the basic substantive assumptions re- 
garding the dominant. Yet many aspects in the expression of the 
dominant, such as the possibility for several dominants to co-exist 
in the central nervous system (CNS), selectivity of the receptive 
field of each dominant, the neurophysiological essence of summa- 
tion, reciprocal inhibition, and the role of the dominant in animal 
behaviour need further experimental research. 

Close examination of Ukhtomsky’s work approaching the domi- 
nant as the supreme reflex act inhibiting all other activity gives 
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the impression as though only one dominant focus could exist in 
the CNS at any given moment. In reality, however, these relations 
have proved to be more complex. Subthreshold stimulation of the 
rabbit limb is able to establish in the CNS a dominant focus iden- 
tifiable upon application of a sound stimulus; a similar focus can 
be set up by subthreshold stimulation of the eyelid muscle that 
makes a rabbit blink in response to the sound. It turned out that, 
when such subthreshold stimulations are delivered simultaneously 
to the paw and the eyelid muscle, the rabbit moves the paw and 
blinks in response to the sound. Facts indicate that when two 
dominant foci are initiated, as in the given case, they can exist 
both at a time. 

The possibility of simultaneous existence of two dominant foci 
is apparently determined by the fact: in what central apparatuses 
dominant foci are produced, and what are functionally fixated re- 
lations between these centres. Indeed, the rabbit was shown to be able 
to move the paw and blink simultaneously. In the first of the in- 
stances observed by Ukhtomsky the defaecation at the time of limb 
movement was not a natural form of the dog’s behaviour. Probably 
the dominant state in the blinking reflex centres can exist simul- 
taneously with the similar states in the central apparatus of the 
swallowing reflex as well as in numerous other reflexes functional- 
ly compatible with the blinking reflex. 

It is hard to imagine why, with the increasing tonus of the nu- 
cleus of the vagus nerve and with the added stimulation of another 
sensory nerve (as in Wedensky’s, 1951[a], experiments) having 
the same effect on respiration as does the stimulation of the vagus 
nerve no other reflex activity can conceivably be effected on the 
dominant principle, e.g. in the motor analyser? 

One is well familiar with what is called in the literature locus 
minoris resistenciae—when a short-time disturbance in the activity 
of a particular internal organ provokes a painful sensation in a 
man not in this organ, but in another one affected by chronic 
disease. Can’t one concede, then, in the interaction based on the 
dominant principle between the centres innervating the internal 
organs, the simultaneous existence of some other activity, likewise 
patterned on the dominant principle? 

An example will be in order from higher nervous activity 
in man. In the state of a creative dominant a person re- 
lating his thoughts on paper notices nothing around him. As prob- 
lems arise he lifts his head and gets to thinking. When he is just 
about to proceed with his work, he finds his hand to be no longer 
holding the pen but massaging the chest in the heart area. Later 
he becomes conscious of painful sensations in his heart and recog- 
nizes them to be the ones that have produced the reaction. This 
second dominant occurring on the subconscious level recalls in 
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some ways Ukhtomsky’s model (/bid, p. 191) when a frog, wher- 
ever it is stimulated, exhibits the scratch reflex of those skin areas 
which correspond with the poisoned spinal cord segments. 

Another example from man’s everyday life. Mothers know per- 
fectly well that they can attain a level of training enabling them, 
even when possessed by some thoughts, to go on thinking about it 
while simultaneously reading a tale to the child. The mother does 
not hear her own voice, nor does the idea of what she is reading 
reach her mind, yet the subsequent questioning of the child shows 
that the reading process has been correct. 

Analysis of many behavioural situations, as also of some phys- 
iological models, shows conclusively that in a normally function- 
ing organism there must be inherent mechanisms allowing the 
co-existence of several dominants. This depends on those specific 
reflex acts which the dominants are connected with. When such 
biological motivations as feeding, defence or sexual ones compete 
with one another, one of them becomes dominant. 

To draw a line on the foregoing discussion, dominants may be 
functionally compatible or incompatible. A closer review of CNS 
representations of specific reflexes suggests that potentially the 
incorporation of the centres into functionally compatible or incom- 
patible dominants is dictated not by their proximate or distant 
locations relative to one another nor their anatomical topography, 
but rather by genetically fixated systems of functional linkages in 
the CNS. Within the systems, the interrelationships of the nervous 
centres follow the dominant principle. 

Given a continuous inflow of impulsation, it is rather likely that 
several dominant foci will appear in the CNS all at a time. If the 
foci are parts of a system comprising functionally incompatible 
activities, supremacy for one among the foci comes as a result of 
power relationships between the dominant focus present and the 
one that appeared anew. In that case, the intercentral relationships 
are determined, in fact, by the ‘power play’ between the two do- 
minants. 

Another question of immediate concern in the context of pos- 
sible simultaneous existence in the CNS of several dominant foci 
refers to reciprocal inhibition allied with the dominant. In his 
major publications on the subject of the dominant (1923-1927) 
Ukhtomsky would accentuate time and again the diffusive char- 
acter of reciprocal inhibition that arises in the CNS as the domi- 
nant focus takes form. Speaking about summation in the dominant 
focus he made a special case for the ‘inhibition broadly diffused 
elsewhere in the nervous system’ (/bid., p. 165). The dominant 
focus ‘inhibits the ability of other centres to respond to the im- 
pulses directly relevant to them’ (J/bid., p. 190). 

Later (1937) Ukhtomsky sounded more cautious about that. 
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Rather he would speak about inhibition of reflexes functionally in- 
compatible with the dominant, arguing that ‘any central reaction 
can come into the position of dominance... just as any reaction 
might be in the state of conjugate inhibition, when this reaction is 
little compatible with the just prepared central activity’ (Ukh- 
tomsky, 1966). 

Indeed it is hard to imagine that, whenever a dominant focus is 
initiated in a CNS area, all of its other centres are in the state of 
inhibition. In our joint study with Malikova (1978) a dominant 
was formed by multiple. subthreshold stimulation of the rabbit 
forelimb. It was detected by electrical stimulation of the eyelid 
muscle which elicited the limb contraction but no inhibition of the 
blinking reflex. 

The question arises, what processes in the CNS determine the 
inhibition of some reflexes under the dominant, and not of other 
ones? Clearly, this is not controlled by anatomical interaction be- 
tween the effectors involved. Under the dominant reciprocal inhibi- 
tion spreads to the central links of exclusively those reflexes which 
are functionally incompatible with the dominant focus. 

When does reciprocal inhibition develop under the dominant, 
during or prior to the execution of the reflex involved? The avail- 
able experimental evidence seems to favour stronger the notion 
that the subthreshold state of excitation, which may be designated 
as a dominant state, already exerts powerful reciprocal inhibition 
on definite central apparatuses, even though the activity that iden- 
tifies the presence of the domjnant is to come yet. Or, to recall 
the first observation of the dominant by Ukhtomsky, the threshold 
for evoking the limb movement is already heightened, while the 
summation which leads to a reflex is still missing. 

Doing studies in animal conditioning Anokhin (1968) also paid 
attention to the likely existence of reciprocal inhibition in a domi- 
nant state unaccompanied by its adequate activity. When a dog 
with developed conditioned defence reflexes is placed in the ex- 
perimental environment it will ordinarily react with inhibition to 
feeding conditioned stimuli though not jerking back the limb. 

An experiment with urgent reinforcement of a conditioned signal 
with meat instead of habitual bread furnishes another revealing 
example. Reinforced with meat, the animal in subsequent experi- 
ments goes right from the beginning to the feeder that had once 
provided meat. The dog then would be sitting at the feeder with 
no visible signs of feeding excitation (secretion, respiration). How- 
ever, when bread was given next the animal would not eat the food 
(Anokhin, 1934). 

These examples demonstrate that the dominant state unexpressed 
as yet in outward activity, already inhibits another activity. It is 
not that summation in the dominant focus produces reciprocal in- 
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hibition. Rather conversely, a sufficiently strong excitation is at- 
tended with conjugate inhibition which spreads to the efferent 
portion of the reflex arc and thereby leads to a situation when its 
own excitation, as it meets the inhibition block, propagates itself 
via other paths and summates with the excitation present. This is 
to say, reciprocal inhibition acts primarily as the organizing agent 
of summation at the available excitatory focus. 

The questions previously asked with regard to reciprocal in- 
hibition under the dominant focus indicate that the mechanism 
. underlying organization of this phenomenon and the neurophysio- 
logical essence of the process involved are not clear and require 
further experimental treatment. 

Neither is quite clear the question about the afferentation poten- 
tiating the dominant focus. Comparison of the dominant foci in- 
itiated in different CNS regions may identify each one of them as 
having selective sensitivity to a certain set of stimuli. The domi- 
nant focus set up by the method of polarization in the sensomotor 
cortex may be detected by exposure to various light, sound or 
tactile stimuli. But even so the focus is maximum sensitive to the 
tactile stimuli, rustle is most effective of the sound stimuli and 
light seldom leads to summation in the dominant focus. There is 
no doubt that the dominant focus produced in the CNS by stimula- 
tion of internal organs will be potentiated primarily by the afferen- 
tation coming from other internal organs, and not by distant sti- 
muli. 

In any motivated behaviour the dominant state in the appropriate 
centres is potentiated selectively by signals biologically meaningful 
to this particular form of behaviour. In this vein, tactile stimuli 
and rustle among the sound stimuli, are more meaningful to the 
rabbit defence dominant. The feeding dominant has a low threshold 
for olfactory signals. One finds quite interesting the data of Batuev 
et al. (1975) on selective responsiveness by neurons of the frontal. 
cortex of a cat to sound stimuli with a frequency whose energy 
maximum occurs in a number of sound signals specific to the cat. 
Such selective sensitivity of specific centra] structures to certain 
stimuli is presumably based on genetically fixated connexions be- 
tween different CNS regions. 

Returning to the dominant, it must be stressed that despite its 
ability to be potentiated from a broad receptive field, its threshold 
of responsiveness varies with biologically meaningful or indifferent 
stimuli for a given dominant. This is due basically to inborn 
fixated connexions between different CNS regions. It appears there 
are certain CNS systems of interconnected centres which may stand 
in a dominant-subdominant relation to one another. Then rein- 
forcement of the dominant focus comes through impulsation, prin- 
cipally, from certain CNS areas and not from the whole CNS. 
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Data on single neurons have shown that induced enhancement 
of the neurons’ excitability with the increasing frequency of spike 
activity lowers the threshold of their response to many stimuli 
that previously failed to produce the rgaction. Neurons in the 
motor cortex, to take one example, begin to show short-latency 
responses to light and sound stimuli (Brazovskaya et al., 1972). 
If one considers in addition interneuronal relationships as well as 
those between single neurons and neuroglia, it becomes clear that, 
combined together, they bring about the formation of a dominant 
focus (Brazovskaya et al., 1972; Pavlygina, 1972; Pavlygina and 
Rusinov, 1976). It seems that a goal-directed investigation of res- 
ponses to different stimuli by individual groups of neurons in en- 
hancement of their excitability will help reveal exactly what 
reflexes could be potentially involved into the intercentral relations 
based on the dominant principle. 

Let us examine another aspect of Ukhtomsky’s concept of: the 
dominant. Ukhtomsky’s interest concerning the organization and 
coordination of reflex acts is closely interwoven with the problem 
of determination of behaviour. In many of his works it is pointed 
out that the reflex which is dominant among the many possible 
reactions determines the direction of behaviour of the entire organ- 
ism. Ukhtomsky argued, ‘Every time there is the symptom complex 
of a dominant, there is also a vector of behaviour predetermined 
by it. Hence it is natural to call it the “organ of behaviour’’...’ 
(Ukhtomsky, 1950). And he goes on: ‘The dominant is something 
more than just a normal operating principle for the centres—it 
plays essential role in the process of newly formed reactions to the 
environment’ (/bid., p. 192). 

The problem of motivation is seen in Ukhtomsky’s work under 
a variety of aspects, among them physiological and psychological 
and so on. It should be noted that in his approach to the dominant 
as the source of goal-directed behaviour Ukhtomsky would in- 
variably remain loyal to the reflex theory. 

It would appear as if Ukhtomsky’s entire theory of the dominant, 
when there is no permanent mechanism with a ‘unique manner of 
action’, were a breach of the traditional reflex scheme whereby 
stimulation of the receptor produces inevitably one and the same 
motor or secretory effect. Nevertheless, like Sechenov and Pavlov, 
Ukhtomsky averred that his conception of the dominant’s role in 
behaviour basically did not disclaim the reflex theory but rather 
sought to specify the classical reflex scheme so as to integrate 
transformations in the central part of a whole reflex act. He came 
to the conclusion that the concept of dominant explains ‘a great 
deal in the mysterious variability of reflex behaviour in humans 
and animals with imperceptibly little-changing surroundings’ 
(Lbid., p. 317). 
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That the very principle of behaviour predetermined exclusively 
by inborn drives was unacceptable to Ukhtomsky, is clearly evident 
from the attitude he embraced in the discussion about instincts. 
At that time, instincts were seen by many as the regulation of 
action in accordance with goal. ‘With some seven instincts on hand 
we shall not be able to make sense of specific behavioural acts’ 
(Ibid., p. 308). ‘It is best of all perhaps to follow I. P. Pavlov’s 
lead in his report in America where, with so much tact, he simply 
would not raise the question about instincts as such, apart from 
reflexes, but say instead “instinct, or reflex’. True enough, the 
concept of instincts includes nothing else but the reflex’ (J/bid., 
p. 309). 

In this way, Ukhtomsky’s view of the dominant as the principle 
of intercentral interaction led him to infer that the supreme (do- 
minant) reflex underlies the ‘motivational’ leverage of animal be- 
haviour. In his conceptions of the dominant Ukhtomsky approxi- 
mated very closely the problem of behavioural motivation. 

At present numerous authors agree that the mechanism of the 
dominant participates in the organization of motivational behaviour 
in animals. Anokhin (1968) insisted on involvement of the domi- 
nant mechanism in certain stages of behaviour which he called the 
stage of ‘afferent synthesis’ and applied to it the psychological term 
‘decision-making’. Sudakov (1971) shares this view and by now 
the expression ‘dominant biological motivation’ has become widely 
popular. 

Besides this term, the literature devoted to the research into 
animal motivational behaviour offers a wealth of experimental data 
suggesting that, whenever this or other motivated state is initiated, 
the respective central structures possess the properties of the do- 
minant. 

Indeed, Khayutin (1973) disclosed numeric growth of the visual 
cortex neurons responsive to light flashes with naturally increased 
feeding motivation or with stimulation of the ‘hunger centres’ in 
the hypothalamus. Sinichkin (1979) pointed to enhanced con- 
vergence of cortical neurons following stimulation of the motiva- 
tional centres in the hypothalamus. 

Sosnovsky (1979) and Lisitsky (1979) found the converging 
properties of neurons in the frontal regions of the rabbit cortex to 
add intensity on exposure to electrical stimulation of the ‘hunger 
centre’. Responses to light and sound were emergent, the cells 
reacting to individual stimuli increased in number and the quan- 
tity of polysensory cells multiplied in rabbits in the state of 
hunger, according to Belenkov (1979). 

McCleland et al. (1949) showed that a hungry man conceives 
of indefinite or false stimuli as being associated with food. Hinde 
in his book Animal Behaviour (1970) provides evidence to prove 
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that strengthened motivation rather heightens the reactivity to 
stimuli than potentiates motor activity. In an impoverished envi- 
ronment hunger-stimulated activity in rats grew by 10 per cent, 
and by 400 per cent in an enriched envirqnment. 

Simonov (1979) analysed efficiency of man in recognition of 
visual images with increasing emotional strain imposed on him by 
a forthcoming parachute jump. It turned out that many events in 


Fig. 7.1. Dominant-based organization of animal goal-directed 
reaction. 
A—dominant focus in the central nervous system; B—central link of un- 


conditioned reflex: 1—receptive field of dominant focus, 2—afferent arc of the unconditioned 
reflex; 3—efferent arc of the unconditioned reflex. For the explanations, see the text. 

the external environment became meaningful to the subject—the 
effect described by the author as increased responsiveness on the 
dominant principle. 

Thus, a large body of factual evidence on the dominant, whether 
or not it is actually mentioned by the authors, is available today— 
enough to postulate that its attributes are present in motivational 
behaviour of animals and humans. 

Let us examine, with a recourse to our knowledge about the 
dominant, the ways in which the dominant comes to realize goal- 
directed behaviour in animals. 

For ease of perception, we shall provide the following scheme 
(Fig. 7.1). The central apparatuses A are in the dominant state. 
The dominant receptive field may be determined by both, the 
stimuli, coming in from the external environment, and by excita- 
tion of receptors in the circulatory system, or hormonal changes 
in the body, i.e. all those readjustments in the internal environ- 
ment which are undoubtedly connected with an upset balance with 
the external environment. It is therefore not necessary to distin- 
guish in principle between information inputs from outside the body 
and from the internal bodily medium. 
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When a certain level of excitation has been achieved in the 
central structures of a given reflex (A) the excitation passes to the 
effector. When does, then, the dominant state arise in the centres? 
Repetitive activation of the receptive field yields stable excitation 
at site A, accompanied by reciprocal inhibition. The latter does not 
capture all of the CNS areas adjacent to centre A, but only the 
centres of functionally incompatible activity (shaded fields in 
Fig. 7.1). 

Asratyan (1955) introduced a new scheme for the functional 
architectonics of unconditioned reflex. It depicts unconditioned 
reflex as being not unilinear, nor passing through just one CNS 
portion, but comprising many levels and branches each of which 
passes through one of the more essential levels in the system. 
Keeping this in mind, the course of events under the dominant 
may be visualized as follows. As a _ stable focus of excitation 
comes up in centre A the reciprocal inhibition extends to some, but 
not all, levels of unconditioned reflex B. When it embraces the 
upper levels of the reflex arc it thereby produces a block for trans- 
mission of the afferent volley to the efferent arc segment. Yet the 
afferent flow from the receptive field of reflex B continues to come 
on. Since the principal path is blocked, the impulsation flow along 
the lateral paths increases. 

With inhibition of the efferent arc of reflex B, the excitation 
flowing along the side branches and perhaps through the same 
reticular formation is enhanced and, as soon as it reaches centre A, 
summated with the excitation focus there. As the result of the 
summation at point A the subthreshold focus of excitation reaches 
the threshold value and comes up to the effector. 

It is worth noting specially, in regard of the proposed diagram 
for the interaction between the two centres that follows the domi- 
nant pattern, the active role of reciprocal inhibition in making the 
summation in the dominant focus a highly organized process. 

Ukhtomsky distinguished four major features in the dominant: 
increased excitability, persistent excitation, summation, and inertia. 
The conjugate inhibition associated with the dominant was seen 
by him more as a result of the dominant activity than as an ob- 
ligatory element necessary to perform the summation. In terms of 
the diagram above, the processes under the dominant follow the 
sequence: persistent excitation having its definite optimum ex- 
citability, reciprocal inhibition, and summation. 

When the dominant becomes revealed through a functionally 
compatible activity, summation occurs without inhibition of this 
activity. Our data (Pavlygina and Malikova, 1978) have shown 
that, moreover, the central apparatus bound up with an activity 
functionally compatible with the dominant present is in the state 
of increased excitability. For instance, in defining a defence domi- 
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nant by the blinking reflex the latter is even enlarged in amplitude, 
even though the parameters of the current stimulating the eyelid 
remain unchanged. The centres’ excitability increases most prob- 
ably because of inductive intercentral relationships—when inhibi- 
tion of some CNS areas raises the excitability of other areas. 
From Fig. 7.4 it is readily apparent that conjugate inhibition un- 
der the dominant is not diffusive in character but spreading in the 
‘CNS as ‘tentacles’ (shaded plots). The intermediate areas possess 
increased excitability and activation of these CNS areas begins to 
amplify the already available CNS excitation focus. 

In conclusion, whenever a persistent excitation focus of the pre- 
dominant type takes form in a particular CNS area, the result in- 
cludes a mosaical change in the functional state of other centres, 
conjugate inhibition of some central apparatuses and inductive ex- 
citation of other ones. Here, too, conjugate inhibition provides a 
necessary link for organizing the summation. The presence of the 
inhibition process in a specific situation enhances the impulsation 
flow from distant CNS areas to the available focus of persistent 
excitation, and summation ensues. 

Subsequent to the question ‘how does it happen?’ it is desirable 
to ask next: what about its biological significance? 

Presumably, with a continuous impulsation inflow from the 
receptive field, the centre A excitation could well achieve the 
threshold value without any summation inputs from ‘other sources’. 
The biological significance of the dominant lies not merely in 
having other activity inhibited and the supreme activity enhanced. 
It springs also from the fact that, owing to the summation mecha- 
nism, this activity comes earlier than it would if the centre’s poten- 
tiation came from the receptive field only. In feeding motivation 
of animals ‘the hungry blood’ brings up the proper centres to a 
level sufficient to trigger a chain of behavioural acts to supply the 
given need. But because the motivational centres find themselves 
in the dominant state and summate the excitations from other 
sources, the threshold level for a behavioural reaction is achieved 
earlier, so that the animal has more time for food searching. 

Assuming, that in the given example the motivated behaviour 
of an animal were organized without the dominant mechanism, 
with nothing to induce it but the ‘hungry blood’ alone, this be- 
haviour is likely to appear when the animal’s time is too short to 
do something about his need—and then irreversible changes will 
occur in its organism. 

The importance of the fast accomplishment of dominant activity 
may be examined from two aspects. On the one hand, additional 
impulsation inflow to the CNS, besides that creating a dominant 
focus, may signify the necessity for a new activity. If so, the fast 
accomplishment, by virtue of the dominant mechanism, of the 
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supreme activity in a given moment at the expense of the ‘added’ 
impulsation will be helpful in faster including into the subsequent 
activity. More so because the excitability in the reciprocal centres 
increases once the inhibition state has gone by, and they promptly 
engage in the activity. 

On the other hand, the fast realization of the dominant activity 
is essential for animal adaptive behaviour. A reminder is in place 
here that specific dominants are endowed with selective sensitivity 
to definite stimuli. This means that the level of excitation at the 
dominant focus is contingent not only upon the activation of the 
dominant’s receptive field, but also upon the availability of a cer- 
tain set of the impulsation inputs arriving via afferentation from 
outside. 

Accordingly, the readjustments in progress in the interior milieu 
of the body are not the only determinant of the dominant state 
underlying animal motivated behaviour. It matters also what 
changes occur in the external environment and what set of stimuli 
dominates in that environment at a given moment. Early realiza- 
tion of a particular activity on the dominant principle implies, 
first and foremost, adequate reactions to environmental changes.. 
Our treatment of the dominant in the behavioural aspect seeks to 
emphasize, therefore, its biological significance as a means em- 
ployed by the adaptive and protective mechanism to exert its 
action. 

We have thus far examined the dominant in the neurophysio- 
logical and biological aspects as it exists on the summation stage. 
What are further manifestations of the dominant after the summa- 
tion stage, and what possible role does it play in organizing goal- 
directed reactions of the organism? 

Ukhtomsky pointed out that the reflex act which results from 
summation brings the dominant to an end, or to ‘solution’, He made 
a distinction between two possible solutions of the dominant: exo- 
genous and endogenous (Ukhtomsky, 1950, p. 192, 199). To the 
former, he referred a case of inhibition of the dominant already 
present by a newly emergent one, but beyond that ‘a persistent 
reinforced excitation of the centre is able by itself to prepare the 
inhibition process’ (Ibid., p. 192). The understanding of the endo- 
genous dominant solution by Ukhtomsky meant fairly precisely 
a chain reflex directed at a certain act of resolution which termi- 
nated the dominant. 

Faced with an uninterrupted impulsation inflow from the domi- 
nant receptive field, as in the former case, one can expect its ter- 
mination to be only temporary and its subsequent, postinhibition 
reappearance not all that unlikely. It is therefore assumed that the 
true termination of the dominant can occur in the situation clas- 
sified as endogenous. 
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Let us review in more detail the course of events leading to the 
“natural ending’ of the dominant. Does the reflex act potentiated or 
brought about as a result of summation at the dominant focus 
always lead to the natural end of the dominant, or does it not? 

Let us return to one of the dominant models explored by Ukh- 
tomsky. Stimulation of cortical motor centres causes not limb 
movement, but enhancement of the CNS excitation focus being 
potentiated by the afferentation from the intestine. The summation 
results in the act of defaecation and the dominant discontinuation 
is thereby achieved. In the end, the impulsation flow from the in- 
testine setting up the dominant focus in CNS comes to a halt. In 
this particular example, the summation at the appropriate centres 
launches genetically consolidated reflexes leading to the removal 
of the dominant receptive field. Distension of the intestinal muscles 
to a certain level produces its spastic contraction. 

But supposing the reflex act due to summation does not stop the 
impulsation flow from the dominant receptive field. Let us take 
our ‘polarization dominant’ as an example of the case in point. 
The subthreshold excitation focus, produced in the sensomotor 
cortex and amplified to the threshold value by the excitation com- 
ing up via other afferentations, causes contraction of the limb. 
Since direct-current exposure continues unabated, the process is 
repeated, the reflex expression of the dominant follows a wavelike 
pattern and the dominant focus is clearly inhibited on a periodical 
basis, thus amounting, in effect, to a clinically observed model of 
tremor. 

Protracted summation in the central apparatuses—when it fails 
to elicit a reflex act (dumb cortical areas) or when the reflex is 
elicited but not directed at the termination of the dominant (dis- 
continuance of the impulsation flow from the receptive field of the 
dominant focus)—underlies the initiation and maintenance of a 
stagnant pathological focus and may form the basis for the patho- 
genesis of some diseases. 

Thus, the reflex act evolving from summation in the dominant 
focus does not constitute per se the ‘natural resolution’ of the 
dominant as long as it does not arrest the impulsation inflow from 
the receptive field of the dominant focus (dashed arrow in Fig. 7.1). 

Studies of numerous dominants in the animal’s natural life favor 
the notion that the animal behaviour associated with the dominant 
focus that comes up in one or another CNS area has the primary 
goal of terminating the dominant. Accordingly, the animal’s motiva- 
tional behaviour directed to supplying a need leads to the termina- 
tion of the dominant present. 

In the case of feeding motivational behaviour of an animal this 
implies the cessation of the impulsation inflow from the receptive 
field of the stomach and circulatory system producing the dominant 
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state in the corresponding centres. Examining the importance of 
the dominant for anima] behaviour one comes to see the rise of a 
dominant state in a particular motivational centre as a peculiar 
form of the SOS signal. The animal behaviour emergent on that. 
basis is designed to terminate that state and establish in the CNS 
a sort of homeostasis. It would be useful to examine along these 
lines feeding, defence and sex-related animal behaviour. 

Since the rise of endogenous dominant CNS foci provides, in 
the final analysis, an indicator of an upset state of balance with 
the environment, the realization of the behavioural act aiming to 
terminate the dominant is equivalent to the achievement of adap- 
tational balance with the environment. 

It is pertinent to ask: what underlies the goal-directed animal 
behaviour leading to the termination of the dominant? 

In Ukhtomsky’s work The Dominant as the Operating Principle 
of Neural Centres (1966) we may come upon exiting ideas about. 
different dominant stages, which seem to bear directly on the un- 
derstanding of the role of the dominant in behaviour. Derived as 
they were from a purely psychological observation of personages 
in Leo Tolstoy’s novel War and Peace they deserve very close at- 
tention. 

1. ‘A sufficiently stable dominant, barely sketched in the organ- 
ism under the influence of internal secretion, reflex influences and 
suchlike, pulls up to itself most diverse receptions as occasions for 
excitation.’ 

2. ‘From the multitude of effective receptions the dominant fishes 
out the group of receptions that has very special biological appeal 
to it. This is the stage for the development of an adequate sti- 
mulus, as it is also the stage for the objective isolation of the 
given set of stimuli from the environment.’ 

3. ‘Between the dominant (an internal state) and a given re- 
ceptive content (a set of stimuli) there comes up a steady (“‘ade- 
quate”) connexion whereby either of the agents (the internal state 
and the external image) will exclusively evoke and reinforce each 
other.’ (/bid., p. 169.) 

In Ukhtomsky’s notebooks we find further extension of the third 
stage, except that he formulates it already as the law of backward 
relations: ‘... if reflex A, by way of irradiation, evokes ano- 
ther reflex B and then, in reverse, the reflex B evokes, by way 
of irradiation, the reflex A. Just as the flexion of the right hindpaw 
evokes secondarily the flexion of the left forepaw, so too, in re- 
verse, the flexion reflex of the left forepaw evokes secondary 
flexion of the right hindlimb’ (/bid, p. 246). The law of backward 
relations between the centres shows up clearly in having the de- 
fence dominant identified by another unconditioned reflex (Pavly- 
gina and Malikova, 1978). When the defence state (the subthresh- 
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old limb stimulation) was identified repeatedly by the blinking 
reflex, further stimulation of the limb did cause its movement, but 
also blinking in the corresponding eye. 

Here it is appropriate to recall Pavlov’s conception of two-way 
conditioned connexion, confirmed experifmentally by a number of 
his pupils and followers (Beritov, 1932; Kupalov, 1949, Varga and 
Pressman, 1963; Asratyan, 1966; Struchkov, 1973). That is, 
independent of each other, two Russian neurophysiological schools 
of thought, Pavlov’s and Wedensky-Ukhtomsky’s, came to recog- 
nize the law of backward relations both, in conditioned-reflex ac- 
tivity and under the dominant, a simple form of temporary con- 
nexion. This emphasizes likeness between the two phenomena and 
the universal nature of the mechanism of backward relations that 
encompasses all forms of temporary connexion. 

Motivational animal behaviour will be discused in the following 
section with some reference to the dominant stages identified by 
Ukhtomsky. 

Analysis of motivational animal behaviour reveals that at the 
time a dominant appears the animal’s behaviour is directed, in 
fact, to searching for an agent ‘adequate’ and ‘specialized’ for the 
dominant which has the capacity of solving, or terminating it (e.g. 
food terminates hunger). Primary verification of a stimulus or, 
more properly, a set of stimuli as to their ‘adequacy’ for the termi- 
nation of the dominant proceeds by trial and error or else by the 
method of signal continuity, when young animals are trained by 
their parents. In all subsequent incidents of the dominant the ani- 
mal’s motivational behaviour will be guided by the pre-established 
temporary connexion to searching for an agent adequate for and 
capable of solving the dominant. 

Ukhtomsky wrote on the inter-relations between the dominant 
and its adequate stimuli with special emphasis on the possible way 
of taking up a two-way connexion, alluded to in the previous dis- 
cussion, when the appearance of the adequate agent may bring the 
revival of the appropriate dominant, refresh it in memory. Indeed, 
analytical treatment of animal behaviour has revealed that when 
temporary connexion comes to pass between the dominant and the 
adequate stimulus, the latter takes on the independent adaptive sig- 
nificance as a signal stimulus preparing the animal for a certain 
activity—given, of course, a dominant need. Realization of the 
backward connexion of a specialized dominant amounts, in effect, 
to a conditioned reflex. 

We are aware of course, that this conception of the role of the 
dominant in animal’s behaviour is schematical and leaves out 
many of the aspects in organization of behaviour, while saying 
nothing about conditioned behaviour. The primary goal of the pres- 
ent paper was to demonstrate that if motivational behaviour in 
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animals and human beings is to be properly interpreted from the 
neurophysiological standpoint, the dominant theory is a must. 

While this is so, the dominant mechanism alone cannot and does 
not underly adaptive animal behaviour. bhe conditioned reflex and 
the dominant are links of a single process which vigorously partici- 
pate in the realization of behaviour. Whether triggered by a signal 
stimulus (with a dominant need present) or a CNS-originating 
dominant focus, behaviour on the whole comprises the realization of 
a chain of temporary connexions on the basis of both these mechan- 
isms—conditioned reflex as well as the dominant. The two mecha- 
nisms are but building blocks in the single edifice of behaviour. 

The viewpoint on the dominant as a factor controlling behaviour 
guided our quest for experimental models that would bring us closer 
to an immediate understanding of the problem in question. 

This was attempted on the starting assumption that protracted 
summation of excitations at the dominant focus with no possibility 
to achieve the realization of the reflex act that terminates the dom- 
inant produces a stagnant pathological focus. We took it from 
there to terminate the dominant, following the realization of a 
summation reflex to one of the agents used as the dominant ‘poten- 
tiators’. For instance, the ‘polarization dominant’ was studied under 
the conditions when the reflex limb movement triggered by the 
summation led to the termination of the dominant (direct current 
is switched off). 

The ‘polarization dominant’ was produced in rabbits by conven- 
tional means—setting the background of subthreshold direct current 
exposure (anode, 30 pA current intensity, action through a thinned 
bone, electrode area 2 by 2 mm) in the representation area of the 
left forepaw in the cortex and using distant stimuli to trigger the 
desired limb movement (Fig. 7.2). The dominant focus was estab- 
lished also with a puff of air at the eye that has caused blinking, 
but also the movement of the left limb. 

Once convinced that the dominant had been produced, we moved 
our grounds to the study of the dominant concluding stage. As an 
agent to terminate the dominant, the air-puff at the eye was used 
and the direct current was switched off, following the execution of 
summation to the air-puff at the eye. 


Fig. 7.2. A graphic depiction of behavioural reactions of a rab- 
bit in the study of the dominant concluding stage. 


White columns are the blinking reflex to air-puff directed at the eye; columns 
with dots are the animal’s general movement; shaded columns are isolated movement of 
the left forelimb; and black columns are voluntary blinking. One line under the abscissa 
identifies the moment of application of sound stimulus and two lines, the air-puff at the eye. 
The ordinate is time in sec. Dots joined together by a line show the time when voluntary 
blinking appears after direct-current switch-on. A—orientating reaction of an animal to 
applied stimuli before direct-current exposure; B—dominant summation stage; C—conclud- 
ng stage; downward arrow is direct-current switch-on, and upward arrow is switch-off. 
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After a period of 30-40 minutes in the same experiment the 
dominant state was reproduced in -the cortical centre of the left 
forelimb. Following direct current switch-on at different time in- 
tervals the rabbit has been found to blink his left eye—the very 
eye exposed to the air-puff during the summation stage. That is, 
the rabbit performed the reaction aiming to end the dominant 
state. The direct current was then switched off. Voluntary dis- 
continuance of the dominant state by the rabbit was observed reg- 
ularly in the former, and in all following experiments, as was to be 
expected (black columns in Fig. 7.2). The interval between the 
trials ranged from two to ten minutes. In some of the trials 
the voluntary blinking was accompanied by the movement of the 
left limb. The use of the distant stimuli in the time of direct 
current exposure could trigger the left limb movement in the early 
trials, whereas in the subsequent trials the dominant focus would 
not respond to the stimuli, as the dominant receptive field was 
narrowing. 

Similar data have been obtained for all 21 rabbits. The only 
exception. was one rabbit in whom voluntary termination of the 
dominant state set in after a second application of the entire proce- 
dure with the dominant at the summation stage. For the other 
animals-a single termination of the dominant upon achievement of 
the summation of the air-puff at the eye has been enough to obtain 
a steady temporary connexion between the dominant state in the 
cortical centre of the limb and the centre of the blinking reflex. 

A study of the neocortex electrical activity at the dominant con- 
cluding stage has yielded the following findings (Fig. 7.3). Ordinari- 
ly, evoked potentials (EP) would be recordable at certain points 
in the sensomotor and frontal areas of the neocortex, in conjunc- 
tion with the blinking caused by the air-puff at the eye (Fig. 7.34). 
In voluntary blinking, leading to the termination of the dominant, 
a readjustment of the biopotentials similar in duration and form to 
EP occurs prior to the blinking, with EP almost totally lacking 
at the time of the reflex itself. The former potentials are recog- 
nized as readiness potentials (RP), because by continuous EEG 
recording the appearance of these potentials enables one to judge 
that voluntary blinking will not be long in following. The poten- 
tials differ by their amplitude and time of appearance (2-3 sec or 
just before the blinking) from the RP uncovered by a number of 
authors (Kornhiiber and Deecke, 1964; Vaughan et al., 1968; Kotz, 
1975; Kristeva et al., 1975) in the voluntary movement of the 
skeletal muscles. The latter have an amplitude of 10 to 15 uV and 
precede the movement by a maximum of 1-1.5 sec. No RP studies 
in voluntary blinking have been made but, because the potentials 
recorded in our experiment indicate their ‘pre-disposition’ for the 
following blinking, they can be regarded as the RP of the voluntary 
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blinking reflex. A negessary note is in order about the difference, 
shown in Fig. 7.3, between RP localization at different neocortical 
areas and EP representation in blinking produced by the air-puff 
at the eye. RP have greater prominence °in the frontal regions, yet 
another fact in support of the viewpoint held by some authors 
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Fig. 7.3. Electrical activity of different neocortical areas in blink- 
ing reflex caused by air-puff at the eye (A) and in voluntary blinking (B). 


(1)—seconds; EEG of frontal (2), sensomotor (3) and parietal (4) areas 
in the right hemisphere; EEG of frontal (5) and sensomotor (6) areas in the left hemisphere; 
electrical activity of eyelid muscles (7), right limb muscles (8) and left limb muscles (9). 


(Luriya, 1966; Pribram, 1966; Anokhin, 1968; Andrianov and Mo- 
lodkina, 1979) about the very special way that this particular 
region is implicated in the organization of goal-directed reactions. 

To sum up the foregoing experimental evidence, one must con- 
clude that the research findings identify the dominant concluding 
stage as the basis upon which a steady temporary connexion can be 
promptly installed between the centres in which the dominant focus 
has been produced and the centre to which the stimulus, leading to 
the termination of the dominant, is addressed. This temporary con- 
nexion is established in one experiment, following one or, at most, 
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two demonstrations to the animal of the way to terminate the 
dominant. In all subsequent experiments, as soon as the excitation 
focus reached a certain level, the rabbit performed a goal-directed 
reaction that terminated the dominant. That the goal-directed reac- 
tion takes place after the excitation focus, produced in the cortical 
centre of the limb movement, has attained a specific excitation 
level, is proved beyond doubt by the elicitation of blinking after a 
direct current exposure measuring in minutes, as a rule, and not 
immediately after the current switch-on. 

A reminder should be given here that many investigators (Doty, 
4961; Kandel and Benevento, 1973; Merzhanov and Serdyuchenko, 
4975; Wagner et al., 1976; and others) who have actually used 
direct stimulation of various brain structures for the purpose of 
conditioning recognize the difficulty of the exercise and the need 
{o employ a large number of stimulus pairings. Comparison of their 
data with ours prompts the conclusion that knowledge of what 
specific functional state is being initiated in the central apparatus 
is an essential input for the development of temporary connexion 
by direct CNS stimulation. The influence on the brain that sets up 
a dominant focus seems to be the very influence which is most 
adequate for the initiation of the temporary connexion. It is for 
good reason that the contribution of dominant-related occurrences 
to the elaboration of conditioned reflexes was acknowledged by a 
number of workers (Asratyan, 1941; Livanov and Polyakov, 1949; 
Pavlov, 1949; Skipin, 1951; Rusinov, 1957; Pavlygina, 1972). 

The dominant-based temporary connexion exhibits the properties 
of forward and backward connexions. In our early experiments, the 
voluntary blinking accompanied by the left limb movement can be 
viewed as a demonstration of the backward connexion. When a 
focus with a certain level of excitation is produced as a result of 
direct-current exposure, activation of the blinking centres ensues. 
Voluntary blinking based on the principle of backward connexion 
leads to an increased excitation level in the cortical centres of the 
limb, driving it to perform the movement. In the subsequent expe- 
riments backward connexion is inhibited. 

Investigation of the dominant at the concluding stage shows it 
to be the exact stage in the latter's development that may under- 
lie goal-directed animal reactions as well as some forms of be- 
haviour. When the dominant emerges from the concluding stage a 
temporary connexion is set up between the dominant focus and 
those centres whose activation brings the dominant to an end. The 
temporary connexion resulting from the dominant concluding stage 
is the one that forms the basis for goal-directed reactions in the 
animal. 
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The Reinforcement Function 
of Emotions 


P. V. Simonov, Corr. Mem. USSR Acad. Sc. 


The phenomenon of reinforcement is central to the con- 
ceptual system of the science of higher nervous activity. It is on 
reinforcement that any conditioned reflex depends for its ~labora- 
tion, existence, extinction and distinctive characteristics. .y rein- 
forcement Pavlov understood the action of a biologically meaning- 
ful stimulus (food, harmful stimulus, etc.) imparting the signil- 
icance of a signal to another stimulus biologically meaningless 
and paired with it. (Asratyan, 1971, p. 9.) 

Numerous facts indicate that by pairing the so-called ‘indifferent’ 
stimulations one can elaborate a conditioned reflex, although the 
speed of the conditioned connexion establishment, its durability 
and further fate are decided by the animal’s species characteristics, 
as well as the intensity, sensory modality and pairing sequence of 
the stimuli applied (Schoenfeld, 1978). Note that one should be too 
careful in referring to stimulus ‘indifference’. What seems an in- 
different stimulus to the experimenter may be ecologically impor- 
tant for the animal of the given species, not to mention that the 
exploratory need (curiosity) in many animals is so strong that it 
makes ‘indifferent’ events ‘vitally important’ (Berlyne, 1978). 

As though sensing personally the formidable discrepancy and 
polysemy of the term ‘reinforcement’, J. P. Pavlov, in his final 
summarizing works (for example, the entry ‘Conditioned Reflex’ 
he wrote for the Large Soviet Encyclopaedia), had no use for the 
term and preferred to discuss the simultaneity of an indifferent 
and unconditioned stimulus. In a strict sense, one should call rein- 
forcement the action of the second stimulus in their pairing 
sequency whereby the first stimulus begins to induce a reaction 
hitherto uncharacteristic for it. For all that, the biological signif- 
icance of the second stimulus cannot be ignored, even in modelling 
conditioning by direct stimulation of cerebral structures in the 
study of cellular-synaptic mechanisms of conditioned connexions. 

Markevich and Voronin elicited a conditioned pyramidal response 
combining a single bipolar electrical stimulation with a burst of 
three to five 100 Hz stimuli. Both electrode pairs were very closely 
spaced in a rat’s sensomotor cortex in the representation area of 
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her forepaw. This combination was accompanied by stimulation of 
the point in the lateral hypothalamus which had triggered a self- 
stimulation reaction in preliminary experiments. Responses of the 
pyramidal tract were recorded in the medulla (see Diagram I in 
Fig. 8.1). 


A 150 _US, 100 _, 
cs-- 150 100 SH 


Fig. 8.1. 


A—localization diagram of stimulation and lead electrodes in experi- 
ments with elaboration of conditioned reflex analog. Shown above are the intervals (msec) 
between the stimulations applied; B—examples of records of averaged pyramidal tract re- 
sponses: 1—pre-pairings, 2—post-pairings, 3—post-extinction; C—summary changes of the 
direct and synaptic (hatched columns) components of the pyramidal response from data of 
seven experiments. The ordinate is percent changes relative to pre-pairing control, taken as 
100 per cent: 1—during pairings; 2, 3, 4—consecutive series of extinctions; D—influence of 
hypothalamic stimulation before cortical stimuli (7); 2 and 3—after-effect; E—pairing of 
cortical stimulations without hypothalamic stimulation; 2 and 3—after-effect. For other 
explanations, see the text. 


Fragments B and C in Fig. 8.4 demonstrate that the combina- 
tion of all three stimuli enhances the synaptic components of the 
response but leaves the direct component relatively stable. None of 
these changes were observed in control experiments, neither by 
hypothalamic stimulation before the cortical stimuli (D), nor by 
packing of the cortical stimuli without additional stimulation of 
emotiogenic hypothalamic areas. Thus the participation of emotio- 
genic cerebral structures proves to be essential in eliciting a com- 
paratively simple analog of the conditioned reflex. 
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The need to get the cerebral mechanisms of emotions involved 
in conditioning becomes particularly demonstrative in the case of 
instrumental conditioned reflexes, where the reinforcement depends. 
on the subject’s reaction to a conditionin&’ signal. After a thorough 
analysis of the nature of instrumental conditioning Wyrwicka 
(1975) concluded that direct reinforcement is not the satisfaction. 
of a particular need but obtaining desired (pleasant and emotional- 
ly positive) and eliminating undesired (unpleasant) stimuli. De- 
pending on their intensity, the functional state of the organism. 
and environmental characteristics, very diverse ‘indifferent’ stimuli 
may prove to be pleasant, such as light, acoustic, tactile, proprio- 
ceptive, olfactory ones, etc. On the other hand, animals are fre- 
quently known to spurn vitally necessary food ingredients when 
the food is not tasty. Hence the [failure to elicit an instrumental 
conditioned reflex in rats by the introduction of food into the 
stomach through a cannula, i.e. avoiding the gustatory receptors. 
The same reflex, nevertheless, does develop following intragastric 
administration of morphine, known to induce promptly a positive 
emotional state in the animal. The same morphine, because of its. 
bitter taste, ceases to be a reinforcer when it is delivered through 
the mouth (Cytawa and Trojiniar, 1976). 

In another experimental series the authors elaborated an instru- 
mental feeding conditioned reflex in rats and, once it was strong 
enough, replaced natural food by the intragastric supply of a food 
solution via a nasopharyngeal cannula. The lever-pressing reflex 
was thus extinguished as a result of the substitution, but persisted. 
if a 0.05 per cent morphine solution was introduced intragastrical- 
ly (Trojiniar and Cytawa, 1976). 

These experimental findings seem to agree well with the data of 
Oniani (1975) who employed direct electrical stimulation of the 
limbic brain structures as reinforcement in conditioning. Pairing 
of the external stimulus with the stimulation of cerebral structures. 
that had previously elicited feeding, drinking, aggression, rage and 
fear in a satiate cat achieved only a conditioned reaction of avoid- 
ance attended by fear after 5 to 50 pairings. It has not been able to: 
initiate the conditioned reflexes of feeding and drinking. Neither 
can conditioned hunger be obtained in natural conditions: the en- 
vironmental signals of the situation in which rats were starved 
evoked fear and the conditioned reaction of avoidance, but not feed- 
ing behaviour (Mowrer, 1960). A similar reaction was observed by 
Oniani in experiments with reinforcement of a conditioned stimu- 
lus by the stimulation of the ‘aggression centres’. 

After 110 pairings of sound and light with stimulation of the 
drinking hypothalamic region in goats, the conditioned signals did 
not elicit drinking behaviour, whereas the reinforcing stimulation: 
provoked drinking immediately (Milner, 1973). In contrast, Fon- 
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berg did elaborate an instrumental conditioned reflex in dogs rein- 
forcing it with the kind of stimulation inducing the satiate animal 
to feed. The author contended that in these trials the electric cur- 
rent activated the engrams of the signs of tasty food, but not the 
structures of hunger, which prodded the dogs to continue feeding 
despite the state of satiety (Fonberg, 1967). 

Oniani argues that stimulation of the brain structures naturally 
activated by external factors (fear), and not by interoceptive im- 
pulses (hunger, thirst) can alone act as reinforcement. The possi- 
bility of avoidance conditioning with stimulation of the ‘aggression 
centres’ as reinforcement is explained by Oniani as resulting from 
the endogenous component—hormonal, as in wedding fights, or 
hunger—associated with the formation of natural states of aggres- 
sion. 

In our opinion these experimental findings are yet another 
proof of the decisive role of emotions in conditioning. Fear has 
pronounced aversion for an animal, which the latter seeks actively 
to minimize by way of the avoidance reaction. Stimulation of the 
drinking and feeding brain systems in animals experiencing neither 
hunger nor thirst provokes stereotyped acts of feeding and drink- 
ing but leaves the neural mechanisms of emotions uninvolved, 
thus excluding conditioned reflex development. With a given loca- 
lization of the electrodes and parameters of the current, stimula- 
tion of the aggression centres generates an emotionally negative 
state which, as in the case of the emotion of fear, induces a mini- 
mizing reaction of avoidance. 

Should aggressive behaviour in cats be accompanied by the en- 
gagement of emotionally positive structures, the latter’s stimula- 
tion makes it possible to produce a conditioned reaction of self- 
stimulation, as shown by Valdman et al. (1976). The emotionally 
positive overtones of aggressive behaviour can also be detected in 
nature. Mice, for example, efficiently develop the lever-pressing 
instrumental conditioned reflex if this action is reinforced by the 
appearance in the cage of another mouse whom the ‘actor’ imme- 
diately attacks (Connor and Watson, 1977). 

There is little point in discussing further the role of emotions in 
conditioning unless we are quite clear what neurophysiological re- 
ality we have in mind when using the psychological concept of 
‘emotion’? 

In contrast with clinical-physiological investigations, where the 
physician maintains speech contact with the patient, the experi- 
menting physiologist has nothing but the outward behavioural dis- 
plays of an animal’s emotions by which to judge these emotions. 
Here an obstacle arises, which Valdman repeatedly analyses in his 
writings. ‘In estimating animal response reactions to electrical sti- 
mulation of the brain many experimenters make an overly sim- 
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plistic assessment of, and interpret in their own way, the essence of 
an animal’s behaviour. Most proceed from the assumption that the 
emotion is a form of behaviour. An animal backing out and run- 
ning away means the reaction of fear; if tt is charging and attack- 
ing, this is the reaction of rage’ (Valdman, 1972, p. 13). 

Yet it has been repeatedly shown that both in natural conditions 
as well as in the electrical stimulation of the brain one is able to 
watch a quite goal-directed ‘cold’ attack, but without objective 
signs of rage; avoidance reaction of superb precision without symp- 
toms of fear; ritual ‘warnings’ to the enemy (bristled hair, bared 
teeth and claws), without genuine anger. 

Basing himself on the results of his systematic research, Vald- 
man (1972) proposed to discriminate between: (1) emotional reac- 
tions—complexes of motor-vegetative manifestations characteristic 
of specific emotions that are not goal-directed (‘pseudoaffects’, ac- 
cording to older authors’ terminology); (2) emotional behaviour— 
goal-directed behavioural acts with expressive signs of emotions; 
and (3) emotional states showing themselves only in the presence 
of appropriate test-objects in the environment (experimenter, 
another animal, signal of danger, etc.). 

In an experiment on animals, a shift of the emotional state re- 
sults from a weak (subthreshold) stimulation applied to those ce- 
rebral formations whose more intensive stimulation elicits emotion- 
al behaviour. In Valdman’s opinion, ‘it is these states, and not the 
varied manifestations that spring from stronger stimulation of these 
brain substrates, which can and must be qualified as analogs of 
emotions in animals’ (/bid., p. 22-23). 

Whereas Valdman considers it possible to take the ‘emotional 
states’ in animals as the analogs of human emotions, including 
those induced in patients by the stimulation of deep cerebral struc- 
tures, Viliunas, a psychologist, is more pessimistic. ‘A serious and, 
at first glance, insuperable barrier making the evolutionary prin- 
ciple somewhat difficult to apply to research on emotional occur- 
rences arises from the fact that the emotional sphere of psychic 
reflection throughout biological evolution has remained absolutely 
inaccessible to direct investigation... Even our judgements about 
emotional experiences in higher animals represent, strictly speak- 
ing, only a supposition, an anthropomorphic projection based on 
the comparison of situations and behaviours’ (Viliunas, 1976, p. 75). 

We cannot agree with this assertion of Viliunas. As we see it, 
there are at least three possible ways for the experimenter to make 
an objective judgement on the emotional state of the test animal. 

The first of these is to make sure of the presence, or lack of, 
vegetative shifts and characteristic changes in the bioelectrical ac- 
tivity of the brain, given that the physical load on the animal ne- 
cessary to perform a motor act remains constant or declines during 
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the improvement of adaptive actions. If the animal, and in equal 
measure man also, executes the same motor skill, while the vege- 
tative and electrophysiological shifts observed at the early stages 
of learning become increasingly weak, then there are grounds to 
postulate gradually diminishing emotional stress, since at present 
this phenomenon can be explained in no other way (Simonov, 
1964; Preobrazhenskaya, 1969). 

The second objective indicator of an animal’s emotional state is 
the reaction of a second individual of the same species to the sig- 
nals of emotional expression coming from the partner, the phe- 
nomenon of peculiar ‘emotional resonance’ (Valdman and Kozlov- 
skaya, 1976; Simonov, 1976). Unlike the human observer, an ani- 
mal is able to recognize subtle nuances of emotional expression in 
the partner that escape the experimenter. 

But, the decisive criterion for the presence of an emotion in an 
animal, and not any other phenomenon of higher nervous activi- 
ty, we firmly believe is to be found in the attitude of the animal 
itself to the state of its brain. The principle in question is the ‘he- 
donistic principle of maximization-minimization’. The direct stimu- 
lation of the brain with an electric current is second to no other 
method in revealing either a positive emotional state, which the 
animal seeks to maximize, that is, to strengthen, prolong or relive, 
or a negative emotional state, which the animal, and in equal mea- 
sure man, seeks to minimize, that is, to reduce, discontinue, or pre- 
vent. We emphasize that, the animal’s emotion should be identi- 
fied not by the character of the external factor (for food may cause 
a satiate subject’s aversion and a destructive narcotic drug a 
pleasure), but by an active attitude to its own state manifested in 
behaviour. This particular behavioural criterion, rather than ex- 
pression in the form of teeth baring, tail wagging, vocalization, 
etc., provides the experimenter with a decisive clue as to whether 
an emotional state occurs or not and whether it has a positive or 
negative coloration. 

Moreover, the direct brain stimulation method is unable to an- 
swer another question: under the influence of what factors, with the 
help of what mechanisms, what cerebral formations participate in 
the activation of the emotiogenic structures in natural life, man’s 
or animal’s? 

In the information theory of emotions (Simonov, 1964, 1981) 
emotion is defined as a reflection by the brain of the magnitude 
and quality of a need and the probability (possibility) of having 
it satisfied at a given moment. The satisfaction probability is prog- 
nostically evaluated by the brain basing itself on the born or pre- 
viously acquired experience. Other necessary inputs include the 
proficiency of skills, the energy resources of the body and the ne- 
cessary and sufficient time to carry out adaptive actions. This kind 
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of evaluation results in the excitation of a system of specialized 
cerebral structures driving the subject to alter his behaviour to- 
wards minimization (reduction, discontinuance or prevention) ofr 
maximization (strengthening, prolongation or repetition) of such a 
state. 

The information theory of emotions originated from I. P. Pav- 
Jov’s works on the systematic principle in the activity of the brain 
cortex and his idea about the signs of emotional stress said to ap- 
pear as a dynamic stereotype is formed or disturbed. I. P. Pavlov 
presented his views on this on August 24th 1932 at the 10th In- 
ternational Congress of Psychologists in Copenhagen and, a week 
later, at the 14th International Congress of Physiologists in Rome 
on September 2nd 1932. In more recent years Hodge (1935), Hebb 
(1946) and Magda Arnold (1960) aired some concepts not at all 
dissimilar with this Pavlovian perception of the decisive role of 
ihe dichotomy between the previously established internal stereo- 
type and the really existing external stereotype in the genesis of 
emotions. The mismatch between the acceptor of the results of ac- 
tion and feedback afferentation is central to P. K. Anokhin’s bio- 
logical theory of emotions (1964). What matters most for the in- 
formation theory of emotions is the brain prognosis not only of 
the content of a goal, but also of the probability of its achievement, 
and hence the name of the conception proposed by this author. 
Carl Pribram too came to embrace similar views (Pribram, 1967). 

The theory is as valid for complex behavioural acts as it is also 
for the origin of any emotional state, including the emotional pitch 
of sensations. For example, a positive emotion in feeding arises af- 
ter the integration of the hunger excitation (need) with the affer- 
entation from the mouth cavity, indicative of the growing satis- 
faction probability for the given need. In another state of need the 
same alferentation generates a sense of indifference or the negative 
emotion of aversion. 

Physiologists spent many years trying to locate the cerebral 
formation playing the decisive role in the genesis of emotional 
states, the likely candidates including the hypothalamus, thalamus, 
hippocampus, reticular formation, etc. The trend left its mark on 
the names of the respective theories, known as ‘thalamic’, ‘hypo- 
thalamic-limbic’, and ‘activational’. The latest modification of such 
an approach to the emotion localization problem is found in 
McLean’s ideas (McLean, 1970). To him, the hypothalamus is the 
representation region of the stereotyped forms of behaviour which, 
as a rule, are accompanied by emotions (reactions of defence, at- 
tack, search, and procurement), whereas specific motivations are 
associated with the overlying brain regions. It is thus said that the 
needs of self-preservation (hunger, defence, etc.) reside in the 
amygdala; reproduction and sex in the septum; zoo-social, group 
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and gregarious motivations in the cingular and prefrontal cortex; 
and the neocortex of higher vertebrates is the accumulation site of 
their individual experiences. 

Nevertheless, experiments with direct electrical stimulation of 
different cerebral formations, and with their destruction as well, 
argue against the conception of a particular structure as the local 
‘centre’ for the emotions of fear, rage, pleasure, etc. Even complete 
surgical removal of the hypothalamus in cats does not result in the 
loss of defence and feeding responses with their telltale emotional 
shading (Ellison and Flynn, 1968). Summing up the existing si- 
tuation Valdman remarked, ‘In principle, attempts at topographic 
representation in the brain of “emotions”, as of other psychic func- 
tions, are an echo of localizationism... The question concerning 
‘the substrate of emotions” can be presently answered with cer- 
tainty only as regards the topography of the integrative centres 
(regions) of emotionally expressive manifestations’ (Valdman, 
1972, pp. 14-15). This notion is consonant with that of Smirnov 
‘...it is hard to name the brain structures responsible exclusively for 
emotions... I agree therefore with Valdman that neurophysiologi- 
cal investigation of emotions and emotional behaviour must not be 
directed at searching for the structural elements of emotions; rath- 
er it should be based on the systematic principle’ (Smirnov, 1976, 
p. 166). 

Recognizing as we do that the present disappointment with the 
results of the search for ‘point’-localized emotiogenic structures is 
well-grounded, we still believe that there can be no going back to 
the former diffuse idea of emotions as a function of ‘the brain as 
a whole’ or the result of ‘cortical-subcortical interrelations’. Despite 
the extreme complexity of the problem the experimental neurophy- 
siology of emotions cannot give up the fundamental ‘assign-dy- 
namics-to-structure’ principle inherited from I. P. Pavlov. 

It is next to impossible nowadays to find a researcher who would 
still conceive of the neural ‘centres’ of emotions as a limited nerve 
tissue site. Anyone who attempts to examine the organization of 
the cerebral substrate of emotions invariably is bound to refer to 
a system or a broadly ramified constellation of neural formations 
represented on different cerebral levels in higher animals or hu- 
mans. The idea of the dominant focus having particular relevance 
to the neurophysiology of emotions is as a ‘functional organ’, or a 
system—the concept we associate with Ukhtomsky. ‘Dominant fo- 
cus’, says V. S. Rusinov (1967, p. 200), ‘is Ukhtomsky’s ‘“‘constel- 
lation” formed as a system during current activity of the organ- 
ism—at all levels of the central nervous system in its different 
parts, but with a primary focus in one part and with a variable role 
for functions of individual components of the system’. Ukhtom- 
sky emphasized the achievement of a certain result as the very 
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factor which develops the functional organ into an integral whole. 
‘With the name of ‘organ’ we habitually associate the idea of a 
morphologically established, and statically permanent formation. 
This is not necessarily so. For an orgam may be any temporary 
combination of forces, capable of certain achievement’ (Ukhtom- 
sky, 1950, p. 279. Italics mine—P. S.). 

But, no matter how much we talk about the ‘systematic prin- 
ciple’ and the ‘modulating’ and ‘regulating’ effect of cerebral for- 
mations upon one another, it will make little sense until specific 
experimental evidence has provided a key to the specific role of 
any particular link of the system in the genesis of a given emo- 
tional state and the specific contribution of this link in the organi- 
zation of an integral emotional reaction. 

According to the information theory of emotion, needs, motiva- 
tions and emotions not only represent independent phenomena of 
higher nervous (psychic) activity not to be identified with one an- 
other, but must of necessity possess a morpho-physiological sub- 
strate of their own. Mikhailova and Sarkisova have carried out ex- 
periments in our laboratory that we are sure set out in high relief 
the consecutive pattern of involvement in the organization of be- 
haviour of the cerebral mechanisms for needs, motivations and 
emotions. The method they employed of gradually stepping-up the 
stimulating current intensity has long been used by Valdman, Koz- 
lovskaya, Houston and other workers. 

Twenty-two male albino rats had monopolar steel electrodes: 
60 wm in tip diameter implanted into their lateral preoptical region. 
and lateral hypothalamus (their Konig and Klippel Atlas coordi- 
nates A-7; L-1.8; H-3.5; A-3.0-3.5; L-1.5; H-3.5). During the sti- 
mulations the chamber contained a pedal for self-stimulation and 
the goal objects to identify specific motivations, namely, feeding 
(sunflower seeds or oats strewn uniformly on the floor), drinking 
(a bowl of water), gnawing (a peace of chalk or wood), and sex- 
ual (a female). The stimulation was by means of rhythmical cur- 
rent (rectangular monophase pulses 100 Hz in frequency, 0.1 msec 
in length, and from O to I.0 mA in intensity) or direct current 0: 
to 70 pA in intensity. Consummatory responses (feeding, drinking, 
gnawing) were registered by recording the chewing muscles myo- 
gram. The latent period and the probability of the reactions, i.e. 
the ratio of the quantity of the stimulations eliciting these res- 
ponses to their total number were estimated. The reinforcing effect 
(emotionally positive) of the current was estimated according to: 
the frequency of self-stimulation. Prior to the experiment the rats 
had been given unrestrained access to food and water. 

The stimulation was applied exclusively to the areas able to yield 
a self-stimulation reaction if acted-upon by the current of adequate 
intensity. It was found that by polarization of the areas with. 


176 P. V. Simonov 


gradually increasing direct current or stimulation with rhythmical 
current of increasing intensity the behavioural reactions thus pro- 
duced always follow the same sequence. Weak stimulation elicits 
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‘Fig. 8.2. Effects of simultane- 
‘ous stimulation of two hypothalamic points 
‘with a rhythmical current of ‘searching’ 
(A) and ‘motivating’ (B) intensity. 

; 1—myogram of chewing muscles; 2 and 
8—stimulation of the first and second point. The 
‘deflection of line 2 in segment ‘f’ identifies self-sti- 
‘mulation 


generalized searching ac- 
tivity without recourse to 
the goal objects present in 
the chamber, i.e. food, 
drink and an_ individual 
of the other sex. Only 
after the stimulation in- 
tensity had been augment- 
ed did those external sti- 
muli become effective in 
getting the animal to start 
feeding, sometimes drink- 
ing, gnawing, and so forth. 
With further enhance- 
ment of the rhythmical or 
direct current, the self-sti- 
mulation response ensues. 
When two different points 
in the hypothalamus were 
stimulated, the observed 
sequence has been similar. 
Whereas two stimulations 
of the ‘searching intensi- 
ty’ produced consummato- 
ry responses, usually feed- 
ing, less often drinking, 
gnawing, etc., two stimu- 
lations of the ‘motivating 
intensity’ have been able 
to trigger a_ self-stimula- 
tion response (Fig. 8.2). 
The action on one of the 
points, sufficient to pro- 
duce self-stimulation, in- 
hibited the motivated be- 
haviour initiated by the 
stimulation of the second 


point. White (1973) reported the cessation of natural feeding be- 
haviour by the stimulation of the amygdala strong enough to 


evoke self-stimulation. 


In Mikhailova and Sarkisova’s experiments, direct current appli- 
cation clearly had a methodological advantage over stimulation by 
rhythmical current. The rhythmical current stimulation of two 
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points makes the self-stimulation responses stronger (more frequent). 
Weak cathode polarization of one point inhibits the self-stimula- 
tion of a second focus while increasing the intensity of the direct 
current enhances the self-stimulation. Note that the inhibitory ac- 
tion was exerted by the direct current infensity which causes goal- 
directed motivated behaviour if applied in isolation. 
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MS Be 
_~ P?- 
NX 7 
NA 
oN 
oe ae 
Stimulation of ? See 
hypothalamus point 2 Need < Emotion 
Motivation 


Fig. 8.3. Diagram illustrating the effects of simultaneous stimula- 
tion of two hypothalamic points. Solid arrows indicate summating effects. 
Broken arrows show the inhibitory influence of stimulation with a rhythmi- 
cal and direct current (a thin arrow), and a direct current alone (a double 
arrow). 


The observed transformation of effects is hard to explain in terms 
of non-specific additional activation of ‘the motivational reinforcing’ 
structures. This was because the stimulation of the emotionally 
negative (avoidance-inducing) regions of the midbrain reticular 
formation had an inhibitory influence upon self-stimulation (Mi- 
khailova, 1975); but the stimulation of the emotionally neutral 
areas exerted no influence at all on self-stimulation of the hypo- 
thalamus. Thus the excitation of the emotionally positive struc- 
tures of the reticular formation, able to elicit at least a weak self- 
stimulation, is the only one that summates with ‘searching’, ‘mo- 
tivating’ and ‘reinforcing’ excitation of the hypothalamic struc- 
tures. 

We consider that-model experiments of the kind described above 
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reconstruct the course of events characteristic of the organization 
of natural behaviour (Fig. 8.3). Weak electrical stimulation acti- 
vates the system of brain structures representing the substrate of 
a need. The need actualization process, not yet transformed into 
motivation, has the outward appearance of a generalized searching 
anxiety. Only by increasing the excitation while stepping up the 
intensity of the direct or rhythmical current can those structures, 
which store the engram of the externa] objects capable of satis- 
fying the need, be activated. As a result, the external stimuli be- 
come effective and the motivated animal starts feeding, drinking, 
gnawing, etc. However, a further increase of the current is neces- 
sary to activate the emotionally positive reinforcement structures 
and get the animal to move on to cerebral self-stimulation in the 
absence of natural means of satisfying its specific need. 

Clearly, our concept is not that the structures of the need, moti- 
vation, and emotion are linearly disposed, as it were, in neighbour- 
ing parts of the brain tissue, to be captured in succession, one af- 
ter another, by an electric current of increasing intensity. Rather, 
the system of structures necessary and sufficient for need actualiza- 
tion is more simple and includes fewer elements than the system 
ensuring goal-directed behaviour of the animal. The complex of 
the morphophysiological organization of behaviour (need + motiva- 
tion-++emotion) to be complete requires the additional involvement 
of the neural apparatus of emotion. 

To understand the consequences of stimulating two hypothalam- 
ic points with electric current of different intensity it is worth 
bearing in mind the findings of the research on the mechanisms 
of natural feeding behaviour conducted by Shuleikina, Olds and 
others. 

Shuleikina (1971) showed that hunger excitation (actualization 
of the need for food) arises first in the reticular nuclei of the pons 
and medulla and extends later to the central grey matter of the 
midbrain, non-specific nuclei of the thalamus, and the dorsal hip- 
pocampus. In order to transform the actualized feeding need into 
a goal-directed search for food, further involvement of the struc- 
tures of the neocortex, amygdala and ‘positive elements’ (Shulei- 
kina’s term) of the medial hypothalamus are required. 

Let us note that the hypothalamic structures begin their active 
functioning at the stage of the food-getting search initiated by the 
hunger excitation. In the lateral hypothalamus of hungry monkeys 
there are neurons which respond with modified activity to the sight 
and smell of food, and the conditioning signals of the coming feed- 
ing (Olds, 1977). There, too, in the lateral hypothalamus, neurons 
may be found that are likewise activated by other needs, say, thirst 
or morphine abstinence in rats. 

An animal comes into contact with food and starts the feeding 
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act, realized by the synchronizing system of the lower region of 
the brain trunk, thalamus, visual cortex and lateral hypothalamus. 
Neural impulses arriving from the mouth cavity and then from the 
stomach signal the impending satisfaction of hunger. It has long 
been known that this kind of afferentatipn stops the feeding act 
long before true ‘tissue’ saturation. The process was vividly de- 
scribed by I. P. Pavlov in 1910-1911: ‘A small amount of food enter- 
ing the stomach temporarily ceases or reduces the action of the 
food centre... The state of affairs would be worse if the excitabil- 
ity of the food centre fell only when the satisfaction of the organ- 
ism’s need for liquid and solid nutrients is complete, for overeat- 
ing, or excessive filling of the stomach with food, would then be 
the constant aftermath of such a condition’ (Pavlov, 1973, p. 108). 

At the very beginning of feeding the arrival of food continues to 
activate ‘positive’ neurons in the medial hypothalamus; but in the 
course of satiety ‘negative’ neurons are activated that have an in- 
hibitory influence on the neurons in the lateral hypothalamus pre- 
viously hunger-excited, and food intake comes to a halt. 

We agree with Shuleikina in the contention that the conclusion 
about localizing the ‘hunger centre’ in the lateral and the ‘satiety cen- 
tre’ in the medial hypothalamus oversimplifies reality. We are in- 
clined to identify the structures of the lateral hypothalamus pre- 
dominantly with the processes of feeding motivation in all of its 
stages, from the hunger excitation bringing lateral hypothalamic 
neurons to respond to the conditioning signals, the sight and smell 
of food up to the state of satiety. As for the ‘positive’ and ‘negative’ 
elements of the medial hypothalamus, changes of their activity 
give grounds to class them with the neural mechanisms of emo- 
tions—positive, in the period of immenent feeding and at the be- 
ginning of feeding, and negative, progressively activated as food 
is ingested. 

Let us return to the analysis of experiments with electrical stim- 
ulation of the hypothalamus. The weak current stimulation pre- 
sumably imitates the hunger excitation which in nature arrives into 
the hypothalamus from the reticular nuclei of the pons or medulla. 
The excitation must be augmented by stepping up the electric cur- 
rent intensity or by stimulation of a second ‘food’ (and not each 
or any) point to activate the engrams of the feeding objects and 
elicit the act of feeding. During the feeding process the neural ele- 
ments generating an emotionally positive state are excited, but. 
again this excitation falls short of effecting a transition to artificial. 
electrical stimulation of the emotionally positive structures. Only 
further amplification of the current or the summation of two ‘mo- 
tivating’ excitations can replace feeding by self-stimulation. It is. 
worth re-emphasizing that the phenomenon of artificial reinforce- 
ment is by no means a consequence of increased motivational exci- 
12% 
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tation. Not the excitations of motivational structures are summat- 
ed, but those of the emotionally positive elements, because the 
shift from feeding to self-stimulation takes place only through the 
stimulation of the points each of which is capable of eliciting a 
self-stimulation reaction, given a sufficient current intensity. 

In the rat the shift to self-stimulation gradually halts feeding 
behaviour (the corresponding inhibitory influence is illustrated in 


Fig. 8.4. Percent incidence of statistically significant changes in 
coherence of electrical activity of brain structures at different phases of self- 
stimulation in rats. 


I—quiet state; 2—before lever-pressing; 3—on the lever; 4—before moving 
away from the lever; 5—immediately after moving away. P—emotionally positive point in 
hypothalamus; N—emotionally negative point; M—motor cortex; V—visual cortex 


Fig. 8.3 by a thin broken line). This effect is yet another indica- 
tion that the direct reinforcer of the instrumental reflexes is not 
the satisfaction of a need but the maximization of a positive emo- 
tional state or the minimization of a negative one. The inhibitory 
action of the stimulation of the motivational structures upon the 
self-stimulation response was only possible to be identified by di- 
rect current exposure (shown in Fig. 8.3 by a double broken line). _ 
This inhibitory influence reveals, as we see it, that nothing other 
but the activation of the structures of positive emotions is the basis 
of self-stimulation. Depending on the degree of the hunger excita- 
tion present, the same afferentation about the coming satiety 
{or its imitation by electrical stimulation of the proper brain struc- 
tures) may eventually prove either sufficient or insufficient for the 
activation of positive emotions. In the latter case, the increasing 
motivation leads to the excitation of emotionally negative elements 
and: inhibits the self-stimulation reaction. 

-'An analysis of the spatial organization of neural processes based 
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on the methodology developed by Livanov and his associates 
(Livanov, 1972) has provided very productive insights into the physio- 
logical mechanisms for the participation of emotions in the orga- 
nization of behaviour. Polarization of thé ‘Olds centres’ in rats by 
the Rusinov method offered a unique opportunity of recording the 
electric activity of the polarized structures and comparing the activ- 
ity (computation of coherence functions) with the electrograms of 
other cerebral formations. Our experiments conducted with Pavly- 
gina, Trush and Mikhailova (1977) (Fig. 8.4) have established, 
that shortly before a rat pressed the lever and immediately before 
it moved away from it, there was an increase in the percentage of 
incidents with significantly greater coherence of the rhythms domi- 
nant in the frequency spectrum of the electrograms of the motor 
cortex, the emotionally positive point in the hypothalamus (before 
pressing) and the emotionally negative point in the operculum 
(before moving away). The experiments highlighted the function 
of emotions as a control regulating the duration of contact with 
the source of artificial reinforcement. 

Recall that, according to Livanov (1972, p. 88), spatial synchro- 
nization of the bioelectrical activity of different brain formations 
demonstrated ‘...not ways of the reflex connexion but those of the 
influences which make the transmission of excitation possible in 
the brain cortex’. The experiments have shown that, depending on 
one or another stage in the organization of behaviour, the excita- 
tion of emotionally positive and emotionally negative structures 
may enter the neural elements of the motor system, transforming 
itself into the reaction of approach or avoidance. 

A schematic representation of the role of emotions in condition- 
ing is attempted in Fig. 8.5. Since its very inception, the condi- 
tioning theory presumed the convergence of two excitations, the one 
from the conditioning stimulus and the other from the uncondi- 
tioned stimulus, e.g. the afferentation from the mouth cavity with 
the arrival of food into the mouth (Fig. 8.5, /7). At the same time the 
significance of the ‘existing functional state’, that is, the feeding 
excitability which we see today as resulting from the excitation of 
the brain structures activated by the emergence of an appropriate 
need, such as the state of hunger, was elucidated (Fig. 8.5, //). 
However, neither the afferentation from the mouth cavity, nor the 
hunger excitation are able to play by themselves the role of a rein- 
forcement and provide instrumental conditioning. Only integration 
of the hunger excitation and that from the factor able to satisfy a 
given need, i.e. the mechanism generating a positive emotion, can 
ensure conditioning. With any other correlation of the converging 
excitations, such as, for example, by food arriving into the mouth 
of an overfed animal, the activation of the negative emotion mech- 
anisms leads to the defence reaction of avoidance (Fig. 8.5, J//). 
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We would like to conclude by emphasizing the following point. 
While I. P. Pavlov’s writings make only casual references to emo- 
tions, senses and drives and contain unattached statements to that 
effect, which nonetheless turned out to be extremely promising with 
a potential for future experimental research, the neurophysiology 
of motivations and emotions has now developed as an essential dis- 
cipline in the science of the higher nervous (psychic) activity of 


R N C(UC)S 


Fig. 8.5. Two- (J), three- (J7) and four-factor (JJJ) diagrams 
of excitations meeting at the point of convergence in conditioning. 


CS—conditional stimulus; UCS—unconditional stimulus; R—response; 
FS—functional state; N—needj E—emotion 


man and animals. We need only say that without taking proper ac- 
count of the neurophysiological mechanisms of emotions we can 
hardly expect to solve the key problem in the physiology of higher 
nervous activity—the locking mechanism of conditioned reflex. 
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9 Two-Way Conditioned Connexions 


and Their Role 
in Motivation Mechanisms 


E.. A. Asratyan, Corr. Mem. USSR Acad. Sc. 


9.1. TWO-WAY CONNEXION AS A GENERAL 
NEUROPHYSIOLOGICAL PRINCIPLE 


The achievements of classical and modern neurophysiol- 

ogy give sufficient grounds to see reflex as a universal phenome- 
non in the activity of the whole central nervous system—from the 
roots to the top. Over the developmental history of the animal king- 
dom reflex reactions have attained vast diversity in certain of their 
attributes, such as functional specificity, biological significance, de- 
gree of complexity, level of perfection, origin and a few others. 
And yet they share some substantive common features of principle. 
This is one reason why the findings of the research of elemen- 
tary reflex forms provide useful insights into our knowledge of the 
essence of their more complex and higher forms. For example, we 
can point out the stimulating influence of inborn reflexes of Bah- 
nung, convergence and common path, inductive and power correla- 
tions, established from the study of inborn reflexes, on the identifi- 
cation of the same regular principles in conditioned reflexes later 
on. 
As early as 1912 Pavlov (1973) introduced the idea that at 
times the results of investigations into complex and high-level re- 
flexes, which conditioned reflexes are, may be useful for research 
on unconditioned reflexes, known to be inferior to them in rank 
and functional architecture. He emphasized one essential research 
advantage of conditioned over unconditioned reflexes—the advan- 
tage of providing the experimenter with the chance ‘to see the very 
process of formation of this reflected act’, to follow its initiation, 
dynamics and regular patterns, and also the formation of its prop- 
erties. The unconditioned reflex, conversely, presents itself to the 
experimenter ready-made. The validity of this idea of Pavlov’s was 
‘subsequently confirmed by the data of a number of researchers to 
the effect that in the process of ontogenetic evolution unconditioned 
reflexes went through some phases of generalization (‘mass ac- 
tion’), specialization and localization, i.e. the phases previously es- 
tablished for reflex elaboration and formation. 
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Of all other possible examples illustrating the validity of this 
profound Pavlovian concept, we shall limit ourselves to just one, 
namely, the phenomenon of two-way connexion in reflex activity. 
Investigation of this important phenomerfon in the overall context 
of conditioned reflex also shows a substantive advantage over its 
investigation of unconditioned reflexes—the advantage of making 
the experimenter not only a witness to the origination and forma- 
tion of two-way conditioned connexion but one who is capable of 
active control over the processes to suit his formulated goals and 
elicit conditioned reflexes of the types bringing into sharp focus 
two-way conditioned connexions so as to render them convenient 
for experimental analysis and investigation. 

The idea of two-way conditioned connexion was _ borrowed by 
physiologists from psychologists who discovered, in particular, the 
two-way associative connexion between the meaningless syllables 
that arises in combining them in man (Ebbinghaus, 1885). In the 
new scientific field the idea was initially applied to the interpreta- 
tion of facts then available and in dissimilar ways by different 
scholars. 

Pavlov (1973) considered that two-way connexion was locked 
between the cortical points of the signal and reinforcing stimuli 
and that a forward connexion (from a first to a second point) and 
backward connexion (from the latter to the former) were endowed 
with similar functional properties. He believed, in addition, that 
the activation of the backward conditioned connexion was basic 
to the accomplishment of instrumental reflex and voluntary move- 
ment. 

Beritov (1960), conversely, was of the opinion that these for- 
ward (or progressive, to use his term) and backward conditioned 
connexions carried out diametrically opposite functions. To him, 
the activation of the first connexion was followed by the perfor- 
mance of the appropriate conditioned reflex. The activation of the 
second connexion due to the emission of reinforcement led to the 
blockade of the former connexion and the reflex effected through its 
medium. It also led to the development of the phenomena known 
as extinction, differentiation and delayed inhibition of conditioned 
reflexes. Pavlov regarded them as a manifestation of internal in- 
hibition (Beritov challenged then the capacity of the neocortex to. 
develop inhibition). What Pavlov’s and Beritov’s ideas of two-ways 
conditioned connexion had in common was that both these concepts 
in the words of Gormezano and Tait (1976) were equally specula- 
tive and of a verbal character. 

Later the pupils of both Pavlov (Skipin, 1947; Kupalov, 1949;. 
Fedorov, 1955; Pankratov, 1955 and others) and Beritov (Bregad- 
ze, 1956; Javrishvili, 1956) elaborated a number of new instru- 
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mental and classical conditioned reflex varieties, thus expanding by 
far the scope of those original facts that had previously led both 
their teachers to assume the formation of two-way conditioned con- 
nexion. As to the validity of the assumption itself, it still remained 
to be proved. Meanwhile the necessity for a clear-cut solution 
to the issue, based on adequate experimental facts, could not be 
more obvious. It suffices to mention that, though Pavlov, in deriv- 
ing his idea on that matter, drew for his analysis upon facts about 
instrumental conditioned reflexes studied most systematically and 
consistently by Konorsky (1967) and his colleagues and though 
Pavlov’s concept of two-way conditioned connexion as a major 
characteristic trait in the functional architecture of the above 
conditioned-reflex variety appeals by its logic and _ elegance, 
nevertheless Konorsky himself did not share these views and 
interpreted the mechanism for the reflexes in a very different 
manner. 

Special and systematic experimental research was needed to an- 
swer definitely and precisely the question of whether two-way con- 
ditioned connexion really existed and, if the answer was affirma- 
tive, to identify and examine carefully the latter's functional pecu- 
liarities, interaction, degree of expression in the various condi- 
tioned-reflex modifications, role in the activity of the cerebral cortex 
and so on. Such research is carried out in two main laboratory 
groups: Dostalek (1964) with associates in Czechoslovakia, and 
Asratyan with coworkers in the USSR. 

In methodological terms our investigations in that area are es- 
sentially different from those above. Their common guidelines are 
as follows. For the purpose of conditioning, we variously combine, 
as a rule, the stimuli eliciting own specific inborn reflexes in their 
natural effector manifestation that are clearly definable, easily 
graphically recordable and biologically meaningful. Specifically, we 
manipulate different combinations of food, electrical stimulation of 
paws, orbicular eye muscle, different areas of the neocortex and 
subcortical formations, oral introduction of milk or acid solution 
through special cannulas, passive paw flexion, and local skin cool- 
ing. This enables us to follow closely the variational dynamics of 
the own reflexes of the stimuli being combined for the purpose of 
reflex elaboration and specialization and then, by testing stimula- 
tion of each of the paired stimuli, to define strictly objectively 
whether the conditioned connexion brought about between them is 
one- or two-way. For the same reasons we also record graphically 
the specific inborn reflexes of the so-called indifferent stimuli—vi- 
sual, acoustic, tactile, etc.—when pairing them with one another or 
each of them with one of the previously mentioned biologically 
meaningful stimuli. 
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Over the last decade, in parallel with the graphic recording of 
the studied reflexes in their effector manifestation we record also 
electrical activity—-EEG, evoked potentials, neuronal discharges 
and other similar occurrences at the cortical projection points of 
the paired stimuli before and during the formation of a conditioned 
connexion between them. 

Experiments caried out mostly on dogs and cats have led the fol- 
lowing facts being established among others. The combined use of 
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Fig. 9. 1. Neuuronal activity of visual cortex (7) after elaboration 
of conditioned instrumental food procuring reflexes to a visual stimulus. 


A—during application of the conditioning stimulus; B—during food 
presentation; 2—EMG of the “instrumental” paw; 3—the application of conditioning and 
reinforcing stimuli (after Merzhanova and Serdyuchenko, 1977). 


any of the enumerated stimuli usually results in conditioned re- 
flexes with a two-way connexion so that the separate action by ei- 
ther of the paired stimuli elicits not only its characteristic inborn 
reflex but also a reflex induced by its partner stimulus. This ap- 
plies to the elaboration of both classical and instrumental reflexes. 
This fundamental fact was established not only through registra- 
tion of the natural effector manifestation for the appropriate re- 
flexes, but also by recording of summary or neuronal electrical activ- 
ity at the cortical points of the paired stimuli prior to and during 
the elaboration of a specialized and stable conditioned reflex 
(Fig. 9.4). 

In this context recent experimental findings by our colleagues 
are interesting. In cats they elaborated alimentary conditioned re- 
flex with milk reinforcement to low-frequency electrical stimulation 
of the lateral geniculate body and kept an on-going record of neuro- 
nal activity in the visual and sensory motor cortical regions. Sta- 
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tistical analysis of the activity of the neuron groups in either area 
on a Plurimat S-100 computer by plotting cross-correlograms be- 
tween the two groups showed that, following conditioning, a new 
form of interaction between the visual and sensory motor cortical 
neuron groups becomes established as a result of the formation of 
two-way conditioned connexions (Fig. 9.2). When the stimuli ap- 
plication in pairs follows a standard sequence and, with time, a 
conditioned reflex becomes increasingly strong, the inborn reflex 
of the first stimulus in order of application becomes attenuated, 
sometimes to the point of complete disappearance, this reflex may 
still be elicited by the action of the second stimulus but already as 
a conditioned reflex. When, on the contrary, the conditioned reflex 
to one of the paired stimuli is extinguished by the well-known 
method, the conditioned 
reflex to the second stimu- 
lus may nonetheless per- 
sist (Fig. 9.3). As well as 
our other experimental 
evidence, these facts sug- 
gest clearly that two stim- 
uli in combination gener- 
ate between them not 
one conditioned connexion 
with a capacity to trans- 
mit the excitation alter- 
nately in one or another di- 
rection but two indepen- 
dent connexions that con- 
duct the excitation in op- 
posite directions. They are 
(1) forward connexion, 


2) from the cortical point of 

@ wm the first stimulus to the 

c |® ® cortical point of the second 
C) (:) stimulus; and (2) back- 


ward connexion, from the 

second point to the first. 
e ] e e . 

Figs 6 2: Kh aleiare: eb conn: Kssentially, the acquisition 


xions between cortical neurons of the vi- of two distinctly different 
sual (to the left) and sensory motor (to conditioned reflexes takes 


the right) regions. place. 

A—before and C—after reflex con- iti i 
ditioning; B—after extinction of the conditioned Additional evidence that 
reflexes (after Merzhanova et al., 1981) forward and backward con- 


nexions exist independent- 
ly of each other is provid- 
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ed by the way they originate not in strict concurrence and commonly 
differ in their stability and strength. As a rule, forward conditioned 
connexions are formed earlier as backward connexions and are 
more durably and regularly manifested. However, both these con- 
ditioned connexions are as dependent fos stability as they are for 
the intensity of the reflexes actuated through their medium upon a 
host of other circumstances: biological significance and intensity of 
paired stimuli; functional state of the recipient cerebral structures 
and general state of the organism; and the type and specific feat- 
ures of the reflexes being conditioned. 


Fig. 9.3. Defensive-alimentary conditioned reflexes in molluscs. 


A—tactile stimulus (+) elicits conditioned pneumastom closure (1) and 
unconditional biting response (2); B—food (4) elicits unconditioned biting response 
and conditioned pneumastom closure (2) (after Maksimova) 


Yet the independence of the connexions and the conditioned re- 
flexes they mediate is relative, as they are intimately related and 
interactive. Very deep extinction of the conditioned reflex to one 
of the stimuli, for example, entails gradual attenuation and block- 
ing also of the conditioned reflex to the partner stimulus. Matters, 
moreover, may and often do progress so far as to inhibit dramatic- 
ally even the own inborn reflexes elicited by either partner stimu- 
jus (Struchkov). 
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Other facts obtained in our laboratory argue for the close inter- 
action of forward and backward connexions. After establishing two- 
way conditioned reflex by pairing a paw movement with the blink- 
ing reflex it can be often seen that the unconditioned local paw 
movement induces unconditioned blinking, followed by the appear- 
ance of conditioned blinking (Varga and Pressman). The case is 
obviously one of circulating excitation between two cortical points. 
through the medium of a two-way conditioned connexion between 
them. 

The same phenomenon occurs in conditioning alimentary reflex 
to the light of an electrical lamp hung in the chamber. During the 
stage of specialization and consolidation of the conditioned reflex 
the animal almost never turns to the light and performs the proper 
food conditioned reflex. But, the delivered food consumed, he turns 
his head distinctly to the lamp, sometimes several times in succes- 
sion, though the latter has already been turned off (Rudenko). A 
similar fact was received in establishing the two-way conditioned 
connexion by pairing light with sound and by testing the 
application of the first stimulus out of their combined pair 
(Davydova). 

We have gathered considerable factual material suggesting the 
specificity of backward connexions studied by us and providing us. 
with additional proof of their identity with the conditioned-reflex' 
category rather than the phenomena of the type of Bahnung, dom- 
inant or facilitation type. Just as in chamber experiments, so also. 
under the conditions allowing free movement of the test animals, 
it has been distinctly possible to elaborate simultaneously two het- 
erogeneous instrumental conditioned reflexes. Flexion of either paw 
ensures food delivery and flexion of the symmetrical paw the deliv- 
ery of water; or else flexion of one paw is followed by milk in- 
troduction into the mouth and flexion of the symmetrical paw by 
the cessation of a diluted acid flow into the mouth; or finally, fle- 
xion of one paw causes food to appear in one food bowl and flexion 
of the other paw brings food in the other. In all the various trials 
the activation of conditioned connexion as the experimenter pre- 
sented the substances to their respective locations resulted exactly 
in the appropriate movement for each substance (Kolotygina, Po- 
pova, Rudenko, Struchkov). 

We regard the factual data discussed above as direct experimen- 
tal proof for the validity of the hypothesis by Pavlov and other 
scholars regarding the existence of the two-way conditioned con- 
nexion, moreover of its Pavlovian version, because either of the 
paired stimuli acquires the property of conditioned elicitation of 
the specific inborn reflex of its partner stimulus. The facts attest. 
also that two-way connexions are inherent in all, or at least the 
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basic, modifications of conditioned reflex, and not just one, their 
instrumental modification, as Pavlov assumed. From this, it trans- 
pires that the function he ascribed to backward conditioned con- 
nexion—that of performing instrumental reflexes and voluntary 
movements—however important it may be per se, is by no means. 
the total role of the connexion in conditioned activity. 

At present, there does not exist as yet a sufficient body of reli- 
able, solid and adequate experimental facts to state positively what 
other functions are assigned to the backward conditioned connexion 
in conditioned activity. Nevertheless, even with the factual evi- 
dence presently at our command it would be legitimate to not only 
ask the question but to venture some related ideas that require, of 
course, further rigorous experimental checking and strict theoreti- 
cal validation. 

Our first and basic assumption deals with the relation of back- 
ward conditioned connexion to reinforcement. 

As is generally known, Pavlov, the founding father of the science 
of higher nervous activity, set exceptional value upon reinforce- 
ment in this activity, suggesting for it a key role not only in the 
formation and establishing of conditioned reflexes, but in all their 
further fate as well. The question about the physiological mecha- 
nisms of reinforcement is still one of the unravelled segments in his. 
teaching. The problem of reinforcement, including this point, is 
one of utmost relevance in the modern research devoted to acquired 
activity of the brain. 

It is not possible here to discuss the related experimental and 
theoretical studies, much less because they are conducted on a 
broad scale and from different perspectives. Let us just note that 
our opinion outlined here is so far a lone dictum, an assumption 
that presumes backward connexion to be the nucleus, the key ele- 
ment in the physiological mechanism of reinforcement, the struc- 
tural and functional basis of performing the potent influence of 
the reinforcer brought to bear on the course and developmental 
pattern of conditioned reflexes and conditioned activity in its entire- 
ty. We consider supplementary the humoral and collateral nervous 
factors mobilized therein. 

Our facts on the earlier formation of direct connexion suggest 
clearly that in the initial conditioning stage, i.e. the phase of gen- 
eralization, the temporary connexion between excited cortical 
points establishes primarily in its early existence by the laws of 
Bahnung, the dominant and similar occurrences and approximates 
them in its specific features. 

So far it has been somewhat difficult to state with certainty what 
general neurophysiological regularities govern the appearance of 
backward connexion hetween the same points (though we do have 
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some ideas about this). It is certain, however, that as the conne- 
xion appears it signifies the birth of a genuine conditioned reflex 
different in quality from the above-mentioned, non-specific and 
transitory phenomena. This even sets the stage for the circulation 
of excitation between two activated cortical] points, an increase in 
the level of activity at these points and extension of the latter’s 
retention time. All this makes it seem as though the above corti- 
ical points stand out prominently against the general background of 
its other parts, thus establishing a particularly favourable situation 
for potentiation, consolidation, and specialization of the two-way 
‘conditioned connexion that arises between them. This assumption 
is supported, though not in full, by our facts referred to above 
‘with regard to the circulation of excitation between the cortical 
points of paired stimuli joined together by two-way conditioned 
connexion. In this respect there is a certain interest in the findings 
of our experiments with the recording of multineuronal activity at 
‘tthe cortical points of the paired stimuli before and after reflex con- 
ditioning. A subsequent statistical analysis of connexions between 
the neurons of the two points of a Plurimat S-100 computer, by 
plotting cross-correlograms, showed a significant increase in one- 
and two-way connexions between the neurons of those two points, 
mainly at the expense of enhanced backward conditioned conne- 
xions (see Fig. 9.2). 

Our viewpoint offers a clearer notion of the physiological mechan- 
ism for the development of internal inhibition in conditioned re- 
flexes. With omission of reinforcement in some or other form, the 
cortical point of the reinforcing stimulus and backward conditioned 
connexion are deprived of their basic source of excitation, while 
their conditioned excitation through the medium of forward con- 
nexion alone, by repetitive action only of the conditioning stimu- 
lus, attenuate gradually, leading first to the blocking of the back- 
‘ward conditioned connexion. Our data on the greater inhibitability 
of backward conditioned connexions lend some credence to the sug- 
gestion. 

With respect to the traditional conditioned reflexes elaborated 
by the so-called indifferent distant stimuli in combination with the 
biologically meaningful ones, the heightened excitability of the cor- 
‘tical points of the conditioning stimuli through the activation of 
‘backward connexion also has a special and biologically meaningful 
implication—to increase the sensitivity to near and distant stimuli 
‘giving out an advance signal of specific objects or events vitally im- 
portant for the organism. 

In conclusion, a few. words will be in order on the point raised 
in the title of the present paper, namely, the university of two-way 
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connexions as applied to 


the reflexes acquired in in- 

® ) dividual life. This as- 

‘ Sumption is extensively 
es) documented by our data 
already cited to the effect 


that for higher animals 
two-way connexion is in- 
herent in all of the exam- 


ined conditioned-reflex va- 
rieties. 
B ‘ Two special facts great- 
ly strengthen this argu- 
| mentation. A genuine con- 
ditioned reflex was elabo- 
Fig. 9.4. A picture of conne- rated in the snail (Helix 
xions between cortical neurons in the vi- lucor um) by pairing food 


sual (to the left) and sensory motor (to delivery with tactile stim- 


the right) regions. ulation of a certain body 


A—before and B-—after ‘local’ con- . : ‘ 
ditioned reflex elaboration (after Merzhanova, 1977) part inducing protective 


contraction of the pneu- 

mastom. Objective graphi- 
cal recording of the paired reflexes in their effector manifestation 
and the electrical activity of their respective command neurons 
identified the resulting reflex as a two-way reflex by virtue of 
having a two-way connexion (see Fig. 9.3). In our laboratory we 
have been concerned for years with a macro-electrophysiological 
study of a phenomenon we call local conditioned reflex. Our recent 
micro-electrophysiological investigations established a fact very 
relevant to the present discussion. As has already been noted, re- 
cording the electrical activity of the neuron groups at the cortical 
points of the paired stimuli has brought the realization that con- 
ditioning is marked by radical changes in the nature and interac- 
tion pattern of the neurons at these two points. In the same exper- 
iments another fact has been obtained: conditioning with a dis- 
tant connexion also sets in motion a series of fundamental changes 
in the nature of the connexion and the interaction between the 
neurons at each of these cortical points, again with dramatic pre- 
valence of two-way connexions (Fig. 9.4). 

The assumption about the universality of two-way connexion for 
all forms of reflex activity of the nervous system, including its in- 
born forms, is supported primarily by logical argumentation. The 
concept of interaction between different parts of the central nerv- 
ous system, both vertical and horizontal as well as between dif- 
ferent reflexes, has long since been current in neurophysiology and 
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has become axiomatic. In the structural-functional language of 
modern neurophysiology this means that the interacting formations 
are linked with each other via a two-way neural connexion. Details 
relative to a specific substrate, trajectory, degree of complexity and 
other particulars of the connexion are of no major consequence in 
this case. For, as we shall attempt to demonstrate below, an es- 
sential role in the mechanisms of motivated behaviour belongs to 
the interaction of forward and backward conditioned connexions. 


9.2. REFLEX MECHANISMS OF MOTIVATED 
BEHAVIOUR 


While still conducting his classical studies in the phys- 
iology of digestion the great Russian scientist Ivan Petrovich Pav- 
lov used to say that science progressed by forward jerks, in step 
with advances in techniques. This has become a generally accepted 
truth. And the developments of the past few decades in the field 
of experimental research of the so-called motivated behaviour prob- 
lem may be seen as new spectacular proof to the validity of this 
position. 

As is known, the problem, though under different names and 
aspects, has long since been successfully approached in experiments 
by a number of prominent psychologists and brain physiologists, 
among them Thorndike, Pavlov, Kohler and their followers. The 
development of experimental research on the problem of motivated 
behaviour received a powerful impetus thanks to the design, im- 
provement and widescale application of new methods permitting a 
direct, comprehensive and detailed inquiry into the functions of 
not only superficial, but also deep-lying formations of the brain in 
chronic experiments on animals (see the review of Doty, 1969) 
and clinical observations on patients. Through stimulation of 
the formations in question, recording of their electrical activity, 
their local electrolysis, and a host of similar techniques, workers 
in many countries, first and foremost in the United States, have 
secured experimental material whose formidable scope, diverse char- 
acter, originality, and major scientific value place it in the same 
class as the most important break-through in the science of cere- 
bral activity. 

These successes, however, had also some negative consequences. 
In particular, the problem has been significantly divorced from the 
total body of knowledge about brain functions while many of the 
previously known facts and theoretical propositions of trend-setting 
significance in the behaviour of highly advanced organisms were 
ignored, if not, totally consigned to oblivion. This was the case, in 
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particular, with Pavlov’s accurate, wealthy, original and uniquely 
valuable factual data on the activity of the brain and his teaching 
of higher nervous activity, both virtually tantamount to an epoch 
in the evolutionary history of our knowledge about the functions 
of this supreme organ of the central nervous system. This inatten- 
tion and negligence, and indeed occasional downright denial of the 
precious scholarly heritage in the field of research concerned with 
brain functions, were bound to be as detrimental in their conse- 
quences as has been a certain measure of alienation or self-isola- 
tion, so to say, of the motivated behaviour problem from the main- 
stream of current research into other cerebral activities. In sum, 
the various conflicting ideas of many aspects of the problem formed 
a background in which the overriding tendency for rejection of 
the reflex genesis and nature of motivated behaviour figured pro- 
minently, toning it down to a variety of non-reflex cerebral activi- 
ties, most of which are activated and regulated by endogenous fac- 
tors. The tendency in a milder form was embodied in the assump- 
tion of non-reflex and supra-reflex cerebral activities as primary 
agents of motivated behaviour, leaving to reflexes a secondary and 
auxiliary role. 

It should be noted that most of the supporters of such concepts 
have lapsed into the bad tradition of marshalling the arguments 
and advocating their viewpoints, an altogether legitimate stance, 
in conjunction with the misrepresentation, indeed distorted expli- 
cation of the essence of reflex theory and caricatured portrayals of 
the reflex, in general the conditioned reflex. Thereby the related 
scientific debate is stripped of its progressive significance and use- 
fulness and reduced to a source and medium of misinformation. 

In dramatic contradiction with the truth and Pavlov’s authentic 
formulations, conditioned reflex theory is qualified as an analytical 
theory and one whose overall failure to consider the importance of 
the initial functional state of the brain, endogenous factors and 
previous individual experience of the organism, and the correlating 
effect due to the results of the actions performed by the mechanism 
of backward connexions is said to render it useless for understand- 
ing synthetical acts and self-regulation occurrences in the activity 
of the brain. Proven facts are ignored that postulate the existence 
of a large family of varied conditioned reflexes, different from one 
another in their degree of complexity, level of perfection, functional 
architecture, way of signalling, extreme dependence on endogenous 
shifts and external factors, well-pronounced adaptive variability 
and capacity for. integration into complex forms of behavioural 
acts. Opponents of reflex theory persistently describe conditioned 
reflex as a monotonous, cliched, automatic, rigid and non-variable 
phenomenon in cerebral activity. 
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I have the honour and fortune to be a pupil of I. P. Pavlov’s 
and a staunch proponent of his teaching about higher nervous 
activity (or behaviour) which epitomizes the profound, evolution- 
ary and dynamic comprehension of the reflex principle. Together 
with my co-workers I have been eoncerned over a long period with 
the experimental and theoretical elaboration of some of the key 
provisions of this teaching, including those which could, in the 
narrow sense, be referred to the so-called problem of motivated 
behaviour. The results of our investigations and critical anal- 
ysis of the experimental and theoretical development of the 
problem of motivated behaviour allowed the conclusion that the 
Pavlovian teaching, of which it is in essence an integral component, 
provides it with the most solid and progressive theoretical basis. 
In the light of this teaching not only many tangled issues can be 
unravelled with maximum credibility, but the best prospects gained 
for a further successful development, both theoretical and experi- 
mental, of the problem of motivated behaviour as a whole. 

One would like to do justice to a group of noted progressive in- 
vestigators of the problem such as Miller (1941), Hull (1943), Del- 
gado (1954), Cohen et al. (1957), Roberts (1958 [b]), Cofer and Ap- 
pley (1964), Lissak et al. (1966), Morgenson and _ Stiven- 
son (1966), Bindra and Campbell (1967), Fonberg (1967), Milner 
(1970), Wyrwizka (1972), Valenstein (1972). In their experiments 
on different animal species they showed the essential, indeed some- 
times decisive, contribution of environmental factors in producing 
various types of motivated behavioural acts and the involvement of 
the conditioned-reflex mechanism in their formation and _ perfor- 
mance. This was an important step forward in the use of the Pav- 
lovian idea to gain insights into certain particular aspects of the 
problem at its current stage of elaboration, aided by up-to-date ex- 
perimental techniques. Yet these studies, however significant, 
should be seen as only the first steps in that direction. Let alone 
the fact that some of them examined the role of the conditioned 
reflex mechanism in motivated behavioural acts within a limited 
scope, on a relatively low methodological level, and in a somewhat 
primitive form, it ought to be emphasized additionally that the Pav- 
lovian teaching holds a number of other theoretical concepts and 
ideas receiving no attention from investigators, which may none- 
theless provide fruitful and effective ways for the experimental and 
theoretical treatment of many intricate points associated with the 
motivation problem. 

In recent years we attempted in a series of publications in Rus- 
sian and foreign languages (1974, 1976[a], 1976[b], 1977, 1978) to 
validate the statement above with pertinent facts—either those ob- 
tained by numerous other researchers or coming from our laborato- 
ty, and arrived at certain theoretical conclusions. 
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A reminder should be given that Pavlov visualized in higher 
nervous activity or behaviour a great deal more than merely condi- 
tioned reflexes or other acquired reflex forms, as some researchers 
would have it. His definition of this activity as one that ensures the 
most perfect regulation of the organism’s exceedingly complicated 
relationships with the environment stated it to be a product of in- 
terconnected activity by the cerebral cortex and subcortical forma- 
tions; it was also said to consist of several instances each different 
in terms of genesis, character of its constituent reflexes and the 
anatomical substrates that put it into effect. By the first instance, 
he meant specialized, exceedingly complex unconditioned reflexes— 
alimentary, defensive, sexual, etc., otherwise known as instincts, 
drives and the like, which he thought of as the reflexes effected main- 
ly by subcortical formations. The second instance he understood 
as the conditioned reflexes elaborated on the basis of the just men- 
tioned unconditioned or inborn reflexes; he considered them to be 
the principal type of acquired reflexes and the cerebral cortex to be 
their substrate in higher animals and man. 

There can be no doubt that he would have classified in the same 
instance associations, the newly acquired reflex type, he discovered 
in anthropoids in the latest period of his life; these he placed 
above ordinary conditioned reflexes. The two instances, Pavlov as- 
sumed, accounted for the whole higher nervous activity in animals. 
In man, however, he conceded over and above those two, a third 
instance of higher nervous or psychic activity specific to man 
alone, in the form of a verbal or second signal system of reality 
whose substrate he likewise identified in the neocortex. 

According to Pavlov, the involvement of subcortical formations 
in behaviour was not limited to supporting the relative independ- 
ence of the enormously complicated and vitally important alimen- 
tary, defensive, sexual and other unconditioned reflexes accomplished 
by them, nor to the latter’s role as the basis for the elaboration 
of corresponding conditioned reflexes. He believed in the continuous 
tonic influence by these formations on the cortex, increasing its ac- 
tivity potence. Furthermore, with respect to the subcortical forma- 
tions, Pavlov emphasized strongly the exceptional value of the 
initial functional state of cerebral structures for their activity and 
the major importance of endogenous factors, both nervous and hu- 
moral, in modifying their functional state. 

It is clear from the foregoing that the Pavlovian teaching of higher 
nervous activity, based wholly on the principles of reflex activity, 
can serve as a Solid scientific basis for the correct comprehension 
and interpretation of the behavioural reactions known as motivat- 
ed; it contains, moreover, all the necessary elements which common 
judgement regards as characteristic of and specific to motivated be- 
haviour. This applies, in particular, to the relation of the subcortical 
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formations and endogenous humoral factors to such behaviour, al- 
though for reasons well-understood Pavlov’s reference to it at the 
time could not be other than general, global, and without the ex- 
tent of detail and specificity which mark the present status of 
knowledge about the problem of motivated behaviour. 

The great potential of the Pavlovian teaching for the effective 
management of the motivated behaviour problem can be instanced 
by a more Satisfactory explanation of the abundant, reliable and 
valuable factual data on some node points of the problem than we 
feel is achievable from the perspective of other theoretical 
concepts. 

We shall discuss here three such questions, namely: (a) whether 
the same behavioural act can be produced with electrical stimula- 
tion of different deep brain structures and whether conditioned re- 
flexes can be elicited through such stimulation either as reinforce- 
ment or a signal; (b) whether behavioural acts of different types 
can be evoked with electrical stimulation of one and the same 
formation; (c) goal-directed character of motivated behavioural 
acts. 

The current differences of opinion over each of the points are 
well known and therefore need not be reiterated here. 

From the viewpoint developed here and given the present state of 
the problem, the best way to grasp the essence of the first point 
is to examine the above-mentioned substantive Pavlovian concept 
regarding the instances of higher nervous activity in conjunction 
with his perception of nervous centre. He saw it as an assembly of 
nervous structures broadly spaced in different parts of the brain 
or below it, closely connected with one another, comprising a sin- 
gle complex whole, structurally and functionally, and performing 
a definite function. These ideas, together with the consonant no- 
tions of Magnus (1924) and Sherrington (1948) about different :n- 
born reflex integration levels, and our experimental results 
(we studied the influence of surgical removal or functional shutoff of 
the cerebral cortex in higher animals on the state of different un- 
conditioned reflexes and the organism’s functions) formed the ba- 
sis of our hypothesis (1955) on the multi-storied architecture of the 
arc of inborn reflex or nervous centre, and its schematic represen- 
tation (Fig. 9.5). Later on we also employed this idea and the 
scheme in our work on the problem of motivated behaviour, and 
in particular our attempts to understand and interpret the phenom- 
ena mentioned above. And, we become increasingly aware of their 
even greater adequacy here than elsewhere. 

We believe that the branches of the central part of the uncondi- 
tioned reflex arc (I-V) passing at different levels of the central 
nervous system are neither equivalent structurally and functional- 
ly, nor play a similar role. Each branch is distinguished by its own 
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structural and functional features and imparts a specific function- 
al shade to the respective reflex. The main branch of the reflex 
arc of each type, the determinant of its principal features, runs at 
one level among their hierarchical series*in the system levels. Since 
the arc of many elementary motor and vegetative reflexes has its 
main branch within the spinal cord (level I) and for the arc of 
complex cardiovascular, respiratory, tonic cervical and labyrinthine 
reflexes it occurs in the me- 
dulla oblongata (level IT), 
there is sufficient rea- 
son to believe that the 
main branch of the most 
intricate alimentary, drink- 
ing, sexual, aggressive 
and other unconditioned 
reflexes of imterest is 
found within the hypo- 
thalamus (level III). 
This being so, the struc- 
tures of the various lim- 
bic formations, implicated 
in these most complex spe- 
cialized unconditioned re- 
flexes, could perhaps be 
viewed as satellite or sup- 
. Fig. 9.5. Diagram of condi- plementary relative to the 
tioned reflex arc. hypothalamic branch and 
I-V—branches of the central part 3 
of the reflex arc on different levels of the central are located in the area of 


nervous system. A—afferent neuron, E—efferent _ a 
neuron (after Asratyan) levels IJI-IV. The corti 


cal branch of the arc of 

each reflex (level V), 
however, is identified with what Pavlov termed cortical representa- 
tion of an unconditioned reflex, maintaining high perfection of its 
realization and forming the basis for the many and varied condi- 
tioned reflexes to all possible stimuli from the outer world and 
to diverse endogenous stimuli. 

In the light of such a concept the facts of many authors (Hess, 
1949; Robinson and Mishkin, 1962; Morgane, 1969; Anand, 1971; 
Valenstein, 1972, and others) state that by electrostimulation of 
the hypothalamus and many formations of the limbic system (hip- 
pocampus, amygdala, septum, and cingulate gyrus) it is possible to 
evoke a particular inborn or motivated act, whether alimentary and 
drinking, or aggressive, sexual, etc. They are thus understood by 
us as resulting from the activation of some elements, to be found 
in each of the formations, of the composite arc of some particular 
one amongst those most complex, specialized unconditioned reflexes. 
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The possibility of elaboration on the basis of their stimulation, 
as a reinforcing factor, of conditioned reflexes to a situation or to 
individual stimuli (Cohen et al., 1957; Roberts, 1958[a]; Miller, 
1961; Delgado, 1964; Fonberg, 1967; Mogenson, 1972; Bindra and 
Campbell, 1967; Gangerelli, 1975) is also easy to understand from 
this viewpoint. Their stimulation unavoidably excites also the cor- 
tical branch of the appropriate unconditioned reflex arc. With simul- 
taneous stimulation of the cortical points of the situational factors 
or special stimuli, an appropriate conditioned reflex is elaborated. 

The facts concerning the elaboration of conditioned reflexes to 
electrical stimulation of hypothalamic structures and some forma- 
tions in the limbic system as a signal or a conditioning stimulus 
can be more satisfactorily comprehended and interpreted from the 
viewpoint developed here (Mogenson, 1962; Nielsen et al., 1962; 
Ellen and Powell, 1966; Asratyan, 1977). 

It should be noted that until recently the experimental data on 
this point have been much inferior in quality and cogency to the 
data underlying the other of the phenomena discussed above. This 
was because some inadequacies of experimental conditioned-reflex 
research common, much -to our regret, for the relevant studies by 
our many foreign colleagues, were most in evidence in this area. 
Our concern here is with the way these reflexes were examined by 
methods much too inadequate for the standards developed in Pav- 
lov’s laboratories. 

For one thing, the experiments carried out mainly on rats did 
not involve any objective graphical recording of the established 
conditioned reflexes with their principal characteristics, such as 
latent period, magnitude, character, duration, etc. For another, the 
inquiry into question under discussion here followed, on the whole, 
a sophisticated plan. In most of the investigations the phenomenon 
of self-stimulation had been pre-conditioned in a special series of 
trials, next the habit of pressing a lever to get food was formed 
in another trial series on the same animals, and then in a third 
trial series the self-stimulation points (or reward stimulation, to 
use the authors’ term) were paired either with food obtaining or 
with electrical stimulation of the paws by the shuttle box method 
with an aim to elaborate in them the proper alimentary or defen- 
sive conditioned reflexes. Some conclusions about the relationships 
between the phenomena of self-stimulation and conditioned reflex 
might be deduced from the findings of the similar experiments. Yet 
it would be an uphill task to look to them for a clear-cut and un- 
equivocal answer to the question whether the conditioned reflexes 
to electrical stimulation of deep brain formations can be elaborat- 
ed as a conditioning or signal stimulus. 

From the studies of other authors on the same subject we should 
like to single out only those carried out on cats by Nielsen et al. 
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(1962) as more or less satisfactory both in methodology and the 
results obtained. In chronic experiments on cats having each over 
20 electrodes implanted in different deep brain formations, includ- 
ing some limbic structures, by pairing® electrical stimulation of 
some of the formations with local electrical painful stimulation of 
one of the animal’s forepaws they have succeeded in elaborating 
an instrumental defensive conditioned reflex of the avoidance reac- 
tion type. 

Over the past few decades a large group of our laboratory stuff 
have been engaged in the experimental study of the problem. Ali- 
mentary and defensive conditioned reflexes, both classical and in- 
strumental, were elaborated in cats and dogs, using direct electrical 
stimulation of different subcortical formations as a_ signal 
or conditioning stimulus. The job involved objective graphical re- 
cording of all needed parameters and close compliance with all of 
the strict rules developed by Pavlov for the elaboration and study 
of conditioned reflexes (Asratyan, 1970). In this regard, a much 
stronger emphasis has recently been placed on hypothalamic nuclei 
and some formations of the limbic system. We believe that the re- 
sults obtained are unquestionable proof that alimentary and defen- 
sive conditioned motor reflexes to electrical stimulation of these 
deep formations as a conditioned stimulus can be elaborated. Pre- 
sented in brief outline, their gist is as follows. 

The experiments were carried out on dogs and cats with chroni- 
cally implanted electrodes into the nuclei of the hypothalamus 
(lateral and ventromedial), amygdala (lateral, cortical, and 
basal), septum (lateral and medial) and hippocampus (dor- 
sal and ventral regions). In the dogs, local instrumen- 
tal conditioned reflexes, alimentary and defensive, were elab- 
orated in the traditional insulated sound-proof chambers and 
objectively graphically recorded simultaneously with some other 
essential functions of the organism. The cat experiments were laid 
out in large insulated cages giving the animals unrestricted free- 
dom of movement; in them, alimentary conditioned reflexes were 
elaborated and objectively graphically recorded either as direc- 
tional advance to the feeder or a local instrumental food-procuring 
movement. 

As part of the program, evoked potentials were also recorded at 
the cortical points of the ‘instrumental’ paws. To stimulate the deep 
brain formations, two-phase rectangular current of moderate in- 
tensity (0.2-0.8 mA) was supplied at 10-100 Hz frequency for the. 
stimulation time of 2-6 seconds. In other experiments conditioned 
reflexes to traditional external stimuli were elaborated in the same. 
animals, along with the conditioned reflexes of the kind mentioned. 
earlier. 
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The factual data obtained from these experiments are partly il- 
dustrated in the figures below; they show that both alimentary, and 
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Fig. 9.6. Alimentary instrumental conditioned reflex in response 
to electrical stimulation of septal medial nucleus in the dog. 


A—elaboration of conditioned reflex; B—extinction of the conditioned 
reflex; C—restoration of the conditioned reflex. Figures below the stimulus mark indicate 
‘the number of stimulus-reinforcer pairings(A and C) or thenumber of stimulus presentations 
without reinforcement (B). Top down: recording of respiration, chewing, paw movement, 
septum stimulation, food bowl delivery, time in seconds (experiments of Balezina, 1981) 


defensive instrumental conditioned reflexes, either general motor 
‘or specialized local motor, can be elaborated in response to elec- 
trical stimulation of the above-mentioned deep nervous formations. 
‘Of these, homofunctional conditioned reflexes (e.g., alimentary con- 
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ditioned reflexes to electrical stimulation of the lateral hypothalam- 
ic nucleus) are elaborated more rapidly and easier than hetero- 
functional conditioned reflexes (e.g. alimentary conditioned reflexes 
to electrostimulation of the ventromedial hypothalamic nucleus). 
From our data it is inferrable that by the dynamics of their for- 
mation, specialization and consolidation these reflexes hardly dif- 
fer in principle from conditioned reflexes to external outside stim- 
uli. They take 20 to 30 pairings to appear and 50 to 70 pairings to 
become stable, their latent period decreasing gradually (Fig. 9.6, 
9.7. 9.8, and 9.9). 


A B Cc 


Ware hale eae on en wn on ee Oe ne oe “trrTrrrryrTrTryyT 
dete seabonapmmads Jn, doneunn nah sinersindhe uamaiaae Ce eer Se rer raat eal ig aad pe otarcointip 


5 rit rte 4 ——<—__—___—_— $$$ ping 
a ae ees, 8 
7 
——— Ee qa a eee are ee 
8 ee ae ae ei lated 


Fig. 9.8. Defensive instrumental conditioned reflex to electrica: 
stimulatreon of ventral hippocampus in the dog. 


A—conditioned reflex; B—extinguished conditioned reflex; C—restored 
conditioned reflex. Top down: 1—time mark; 2—electrical hippocampal activity; 3—ECG; 
4—breathing; 5—head movement; 6—mechanogram of the left forepaw; 7—mark of condi- 
tioning stimulation; 8—unconditioned stimulation (experiments of Grigoryan) 


Significantly, as the stimulations of these formations become a 
signal for food or defensive activity, the inborn reactions they ini- 
tially evoked tend to be gradually inhibited and disappear. This 
shows up most vividly whenever the initial reaction to electrical 
stimulation of a formation is of a defensive-aggressive character, 
as, for example, in the stimulation of the ventromedial 
hypothalamic nucleus or the lateral septal nucleus, and such 
stimulation results in alimentary conditioned reflexes. With time, 
the defensive-aggressive reactions to the similar stimulation at- 
tenuate, disappear and give place to a distinctly manifest, ge- 
neral motor food reaction and local alimentary instrumental motor 
reflex. One cannot help noticing some similarity between these 
data and the results of the well known experiments of Erofeeva 
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in Pavlov’s laboratory, in which conditioned alimentary reflexes 
to electrical painful stimulation of the dog’s paw were elaborated. 
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Fig. 9.9. Alimentary condition- 
ed reflex to electrical stimulation of lateral 
amygdala nucleus in the cat. 


A—established conditioned reflex; 
B—extinguished reflex; C—restored reflex. Top 
down: 1—time in seconds; 2—breathing; 3—the left 
eye blinking; 4—chewing movements; 5—head turn 
to feeder; 6—stimulation mark (shaded line seg- 
ment); leaving of the start platform and re-entry 
after feeding; 7—approach to feeder and departure 
fromit. The figures indicate the number of pairings 
and of non-reinforced stimulations during the 
course of extinction (experiments of Daurova and 
Kolotygina ) 


Once established, these 
*conditioned reflexes are 
extinguished and restored 
(see Figs. 9.6, 9.7, 9.8, 
and 9.9); they are general- 
ized both within the limits 
of the given deep forma- 
tion, and also by embrac- 
ing other formations, and 
differentiations to them 
can be elaborated in either 
case. 

The physiological mech- 
anism of conditioning to 
electrical stimulation of 
the above-mentioned deep 
cerebral formations as a 
signal or conditioned stim- 
ulation is as follows. In 
essence, any primary con- 
ditioned reflex may be 
considered as a result of 
paired activity by two un- 
conditioned reflexes, as a 
product of their synthesis. 
The formula is as valid for 
the instances of pairing a 
so-called indifferent stim- 
ulus (the orientation re- 
flex caused by it is also 
unconditioned) with some 
biologically meaningful 
stimulus, as it is for the 
cases of pairing two typi- 
cal unconditional stimuli, 
as exemplified by the just 
mentioned experiment of 
Erofeeva (Pavlov, 1973). 
It is obvious that the 
power correlations of the 


paired stimuli, their order of action and other factors mattered a 


a great deal in it. 


As previously described, in our experiments the cortical branch 
of the arc of one of the unconditioned reflexes is activated by stim- 
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ulation of the subcortical elements of its own arc with moderately 
intensive current. This is followed by a still stronger stimulation 
of the cortical branch of another unconditioned reflex, alimentary or 
defensive, through natural stimulation of its receptive field. Thus 
the basic conditions are made available for the elaboration of the 
appropriate conditioned reflex. 

Our conceptions about the effectiveness of creative use of Pav- 
lov’s other ideas and theoretical propositions for proper and strict- 
ly scientific comprehension and explanation of other issues related 
to the problem of motivated behaviour will be outlined below in a 
synopsis, because they have been set forth time and again in our 
previously mentioned publications (Asratyan, 1973-1978). 

The second of the questions listed above refers actually to the 
facts established by many researchers that by electrical stimula- 
tion of one and the same point of one and the same nucleus of the 
hypothalamus or some limbic formation it is possible to elaborate 
most diversified motivated behavioural reactions, either alimentary, 
drinking, aggressive or sexual, depending on the change in the 
intensity, frequency or other parameters of the stimulating current, 
functional state of the organism or situational factors of the ex- 
periments (Roberts, 1958 [a,b]; Mogenson and Stevenson, 1966; Gra- 
styan et al., 1966; Qallistel, 1969; Caggiula, 1970; Mogenson, 1972; 
Valenstein, 1972; etc.). These facts work patently against the 
traditional concept regarding static specialization and localization 
of functions in the central nervous system of highly developed or- 
ganisms. They are nevertheless easy to understand and interpret 
if approached from the concept of dynamic specialization and local- 
ization of functions with special reference to the cerebral cortex 
proposed by Luciani (1915) as a sketch, further developed in detail 
by Pavlov (1973) as a clear-cut theoretical proposition, and expand- 
ed by us (1949) to the entire nervous system as a general prin- 
ciple. 

Essentially, the concept features the assumption that the mor- 
phological substrate of specialized functions has the form of repre- 
sentation as limited nuclear zones holding each a concentration of 
the nervous elements that are highly specialized for a given func- 
tion, or as extensive peripheral areas with less specialized dispersed 
nervous elements which are represented there in order of decreas- 
ing density. The areas of dispersed elements overlap to form a 
peculiar polyfunctional mosaic of structures. Unless hypothalamus 
and other formations in the limbic system are an exception to this 
rule, it is easy to understand that electrical stimulation of their 
individual points simultaneously embraces in varying degree 
the structures of several specific functions and either activates 
them discretely and at different times, depending on the level of 
excitability and parameters of. the stimulaling current, or increases 
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their excitability all at once, thus establishing a potentially favour- 
able situation and making them readily available for the activa- 
tion of any one of them given an adequate external stimulus in, 
the environment. . 

It should be pointed out that a similar viewpoint but from a 
slightly different positions is put forward nowadays also by some: 
oe researchers (Millner, 1970; Mogenson, 1972; Valenstein,. 

72). 

The third node point of the problem of motivated behaviour, 
which we are trying to approach from novel positions, is concerned 
with the goal-directed character of motivation. It is generally ac- 
cepted that goal-directedness is the most typical feature of motivat- 
ed behaviour, while its interpretation is the most confused issue of 
the problem. Statements about this question are either of the char- 
acter of free expression in a teleological spirit, reduced to a simple 
description of the phenomenon itself, or an enumeration of the 
presumed circumstances and factors underlying the goal-directed- 
ness of the behaviour. For example, the goal-directed nature of 
motivated behaviour is ascribed to the ‘cognitive map’ developed 
in an animal’s individual life (Tolman, 1948) to the guiding in- 
fluence of the so-called ‘psychonervous image’ (Beritashvili, 1960), 
to the presence in the brain of ‘predictive cell clusters’ whose activ- 
ity is corrected by sensory signals (Milner, 1970), to the primor- 
dial existence of a goal and the programming role of the so-called 
‘action acceptor’ (Anokhin, 1968), to the action of environmental 
factors acquired by training with a certain orientation value (Bin-. 
dra, 1974), and to the development of complex systems of ‘sub- 
goals’ in the process of accumulation of individual experience, and 
their consecutive realization with account taken of the results of 
each covered stage (Deutch, 1960). Unable as we are here to com- 
ment on these views in much detail, we shall nearly point out 
that the majority of them, as we see it, give no clear or straight- 
forward answer about the physiological mechanism of the phe- 
nomenon itself as it stands. 

Basic to our viewpoint on the essence of the matter in hand is 
Pavlov’s idea about two-way conditioned connexion, the idea he 
stated hypothetically with special reference to the instrumental var- 
iety of conditioned reflex. He believed that the elaboration and 
performance of an instrumental movement are stipulated by the 
formation and activation of backward conditioned connexion. Con- 
sidering that many researchers justifiably see in instrumental con- 
ditioned reflexes a rather suitable investigative model of motivated. 
behaviour, it becomes clear that the new interpretation of the re- 
flex’s physiological mechanisms suggested by Pavlov came so handy 
for effective use of the model to provide key insights into the, 
physiological. mechanisms of motivated behaviour in its entirety. 
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We seized the opportunity boldly and enthusiastically also for an- 
other reason. This was because the teacher’s idea was followed up 
in many-year systematic studies by his followers, first of all ours 
with associates (Asratyan, 1970, 1977) and of a Czech scholar 
Dostalek (1964). As a result, it has grown by now into a theoreti- 
cal proposition fairly well grounded experimentally. 

More specifically, this is what we talk about. 

In the procedure of instrumental conditioning there is a certain 
movement that always comes ahead of reinforcement to become 
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Fig. 9.10. Diagram of alimentary instrumental conditioned reflex. 

D.S.—distant conditioned stimulus; A.p.—cortical point of food 
unconditioned reflex; M.p.—cortical point of the paw. L—the paw, S.g.—salivary gland; 
a, b, c, d—conditioned connexions (after Asratyan) 
a signal stimulus capable of eliciting a reinforcing reflex condition- 
ally through a direct conditioned connexion. It is legitimate to 
assume, as Pavlov did, that the performance of this movement as 
a result of food excitation caused by endogenous or exogenous 
factors is stipulated by the activation of the backward connexion 
established by this procedure, i.e. from the food centre to the cor- 
tical structures of the instrumental movement. 

On the basis of the extensive and diversified factual materials on 
that subject gained in our laboratory and guided by this idea, we 
proposed many years ago (1966) a schematic representation of the 
arc of such a reflex (Fig. 9.10). We feel that this scheme may pro- 
vide a key to proper understanding of the physiological mechanisms 
that underlie the generally known models of instrumental reactions, 
as they do also the phenomenon of self-stimulation (Olds and Mil- 
ner, 1954). Aided by the scheme and in the light of its underlying 
concept, one will find it easy to understand and interpret adequately 
also facts of another kind. With alimentary, drinking or protective 
instrumental reflexes pre-conditioned in test animals, the subse- 
quent electrical stimulation of hypothalamic structures from the 
locus at once elicits the established instrumental movements as 
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well as the corresponding natural unconditional stimuli are able 
to do it (Grastyan et al., 1956; Andersen and Wyrwicka, 1957: Mil- 
ler, 1961; Delgado, 1964; Wyrwicka et al., 1972). 

We are inclined to explain postural training of test animals prior 
to performing the required local conditioned movement in the ex- 
perimental environment of special cabins by the activity of back- 
ward conditioned connexion (Kasyanov, 1950; Joffe, 1957). More- 
over, a thorough analysis of the facts obtained from the study of 
alimentary conditioned reflexes in dogs and cats under free move- 
ment about a spacious experimental room or a large cabin leads 
us to the conclusion that their established habit for prolonged stay 
on a certain start platform pending the next starting signal can 
hardly be better explained than as an expression of tonic activity 
by the same backward conditioned connexion. One is brought to 
that conclusion by the data of special experiments by our collab- 
orators Struchkova, Rudenko, Davydova, Daurova, Kolotygina, 
Vanetsian, and Shumikhina (Asratyan, 1977), as much as by 
the facts of Kupalov (1964) with co-workers about the so-called 
situational conditioned reflexes. In both these series the test ani- 
mals were not to be given food during conditioning unless they 
moved to the feeder right from the start platform. Because of this, 
the latter developed with time into a continuous spatial conditioned 
stimulus linked with the reinforcing stimulus through a two-way 
connexion. 

Thus, in our scheme of things, the formation of two-way condi- 
tioned connexions and the activation of backward connexion are 
essential in the performance of the above-mentioned elaborated 
reactions which are, in effect, elementary goal-directed actions 
clearly with an adaptive purport. 

From our point of view, these peculiarities of conditioned conne- 
xions are also essential in the mechanism of complex behavioural 
acts named motivational. Our assumption must not be perceived as 
mechanical extrapolation from the elementary to the complex. In 
the wake of Pavlov we regard complex behaviour not as a simple 
sum or superposition of elementary behavioural reactions upon one 
another, but as a product of the latter’s supreme integration or syn- 
thesis into one whole with its specific features, a synthesis which 
lets the components retain their properties but only up to a point. 

The validity of this fundamental Pavlovian theoretical concept 
was proved in as vivid a form as it was convincing in the experi- 
ments conducted by Pavlov and his co-workers to investigate beha- 
viour in anthropoids (Pavlov, 1973). The experiments demonstrat- 
ed, among other things, that the chimpanzee, to get hold of the 
objects suitable for satisfying his immediate needs, began to inter- 
act vigorously with the environment and by ‘trials’ and ‘errors’, and 
in agreement with underlying principles of conditioning, to grad- 
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ually elaborate and improve first easy and simple and then, 
through their integration, increasingly more complex and difficult 
habits and ended up forming a rather complex and long chain of 
integral behavioural acts. Here is an example of what the animal 
might do: the chimpanzee unlocked with a key the door to the ca- 
bin, entered it, put out the flame of burning spirit on a window 
sill, went through the window to a room next door with fruit 
hanging much too high for him, put up a steady pyramid from 
crates lying on the floor, climbed it and grabbed the bait. 

At odds with the views of Kohler (1929) and other Gestalt psy- 
chologists, this theoretical Pavlovian concept was later proved con- 
vincingly by new experimental findings of his followers, especially 
Vatsuro (1948) and Schastny (1972). We presume that the fas- 
cinating factual evidence of Wolfe (1936) and other workers con- 
cerning the formation dynamics of the counterusing habit in an- 
thropoids agree with the above theoretical concept of Pavlov, as 
are also the extremely interesting factual data of Ulanova (1950), 
the Gardners (1969) and other authors about the formation dynam- 
ics in anthropoids of the speech of gestures though the scientists 
themselves held a different view of their own facts. 

For his analysis of the experimental data relating to the mecha- 
nisms of complex behavioural acts in higher animals, including 
also anthropoids, Pavlov made no use of his idea about two-way 
conditioned connexion. Originally formulated with reference to sim- 
ple instrumental conditioned reflex, this profound idea had devel- 
oped to date, as was noted earlier, into a theoretical proposition of 
its own, rested upon a sufficient body of experimental evidence. 
So we took it that the time had come to make careful steps in the 
direction of exploring a possible role of two-way conditional con- 
nexion in some other phenomena in cerebral activity with special 
reference to the physiological mechanisms responsible for the goal- 
directed character of motivated behaviour. 

It makes no difference if the complex habit being formed in the 
animal is of the type involving selection of an adequate key to 
unlock the door, building a pyramid from crates, putting out a 
flame, raising the bridge over a water obstacle, using counters or 
the language of gestures—in all these instances the systems of 
specific movements performed in a certain sequence end up with 
the acquisition of and then reinforcement by the requisite, bio- 
logically meaningful objects. 

It would be legitimate to assume the progression of things lead- 
ing to it to be virtually the same as for the instrumental condi- 
tioning to a certain elementary movement. This is to say, complex 
chain conditioned reflexes are elaborated in response to appropriate 
systems of movements, because at all events they precede the rein- 
forcement in time. As with elementary instrumental conditioned re- 
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flex, it is likewise conceivable, for each of the instances above, that 
a system of two-way conditioned connexions is formed. These are 
forward connexions, from the cortical structures of the system of 
movements (as a chain conditioned stimutus) to the cortical point 
of the reinforcing stimulus, and backward, from the latter to the 
former. If, after Pavlov, we deduce from considerable experimental 
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Fig. 9.141. Diagram showing physiological mechanisms of goal- 
directed behaviour. For the explanations see the text (after Asratyan) 


data that local instrumental conditioned reflex, as a model of goal- 
directed voluntary movement or elementary motivated act, is a 
consequence of activation by backward conditioned connexion, then 
we would be right in assuming the goal-directedness of motivated 
behaviour to be largely a result of activation in the previously men- 
tioned system of backward conditioned connexions. 

In essence, our viewpoint on the subject of the discussion as re- 
gards the formation and performance of motivated behaviour by 
animals in their natural habitats, presented concisely, comes down 
to the following. A naive animal, to meet a current pressing need 
of its organism in an unfamiliar environment, is influenced by 
endogenous and exogenous factors into making a multitude of search- 
ing movements in all possible directions from the initial point 
(in Fig. 9.11 this is white triangle [A with its outgoing, continuous 
twisting arrows). While doing this, it may advance once or several 
times in a certain sequence through the intermediate nodal points 
of the route (white geometrical figures [A-IB-IC with unidirection- 
al twisting arrows) to its destination—the location of the sought- 
for object (the white circle). If it does and if it can meet the 


14* 


212 EF. A. Asratyan 


current pressing need, a chain of spatial-temporal conditioned re- 
flexes with two-way conditioned connexions is formed among the 
cortical projections of the key points along the route (in Fig. 9.14 
these are the thin broken arrows between shaded geometrical fig- 
ures IJA-IIB-IIC-IID; they identify not just the key points along 
the effective route, but also their projections or ‘images’ in the ce- 
rebral cortex). 

Even at the initial stage of their formation these conditioned 
reflexes are able to give the animal proper orientation so to enable 
it, without extra searching or wavering, to head along the route 
to the location of the required object (the unidirectional continuous 
arc-like arrows between the shaded figures). 

Not so at the consolidation and specialization stage of the estab- 
lished chain of spatial-temporal conditioned reflexes—then two- 
way conditioned connexions and the conditioned reflexes they me- 
diate grow in strength and power in keeping with the long-famil- 
iar regularities, as the animal approaches the location of the ob- 
ject and the time of reinforcement (IIJA-IIIB-IJIC-IIID). 

We believe that the major driving force of this complex integra- 
tive system of conditioned reflexes in the form of an integral behav- 
ioural act is increased excitability or excitation of the central nerv- 
ous structures of the reinforcing stimulus or the integrated nerv- 
ous centre of the most complex, specialized and vitally important 
unconditioned reflexes in the Pavlovian sense. The latter’s increased 
excitability or excitation (‘central motivational state’ in other 
authors) may be induced by both endogenous neurohumoral fac- 
tors and by many varied distant or near signals, or conditioned 
stimuli (‘acquired drive’ or ‘conditioned incentive motivation’ in 
other authors). If activated in one way or the other, this integrated 
nervous centre sets in motion, in its turn, the entire complex inte- 
grated system of conditioned reflexes, chiefly through the medium 
of the chain of backward conditioned connexions that were estab- 
lished between its cortical representation and other motor and 
sensory cortical points along with foreward conditioned connexions. 
This activation may take the form of increased excitability of nerv- 
ous structures throughout this complex system getting them ready 
for work or alerting them for activity: Another form it can assume 
is of an excitation actuating complex reflex activity of the entire 
system as a whole. 

One can also imagine immediate forward and backward condi- 
tioned connexions between intermediate points and the final des- 
tination but not illustrated on the diagram so as not to make 
it overly complex. For the same reason the scheme left out also the 
backward connexion from the cortical points of the vitally impor- 
tant conditioned reflex to the cortical points of the signal stimuli, 
known from the data of our laboratory to increase dramatically 
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the latter’s excitability and thereby to have large implications for 
behaviour in its entirety. 

At present we have a fairly modest body of our own experimen- 
tal data which could be considered as dfrect substantiation of the 
standpoint just proposed. 

The regular patterns of integration of separate conditioned reflexes 
into rather complex integral behavioural acts have recently been in- 
cluded by workers of our laboratory in the agenda of research under 
conditions of free movement of the experimental animals. As a 
specific methodological characteristic, these experiments involve 
objective graphical recording of the studied reflexes of the type 
generally practised for trials on animals fastened to the experi- 
mental table. In these experiments the process leading to elabora- 
tion of separate conditioned reflexes with two-way conditioned con- 
nexions and their integration into complex behavioural reactions 
were examined. It included conditioning of an instrumental ali- 
mentary reflex of pressing a lever, elaboration, on this basis, of a 
second-level conditioned reflex to an external stimulus, further 
complication of this chain by elaboration of a conditioned reflex 
to a spatial factor—prolonged stay on a certain start platform until 
exposed to some starting conditioned stimulus, synthesis of all 
hitherto available conditioned reflexes into a certain dynamic ste- 
reotype of behaviour, switching of the entire system of the condi- 
tioned stimuli from signalling one type of activity to another type, 
and so on (Davydova and Struchkov, 1978; Rudenko and Struch- 
kov, 1978). 

From the viewpoint of the physiological mechanisms of goal- 
directed character of motivated behaviour, which are of interest 
to us, our following data may be of special interest. The relation- 
ship, universally known since the time of Kendler’s experiments 
(1946), between alimentary and drinking behaviour of animals and 
excitability of the central nervous formations controlling these 
functions was examined by Rudenko and Struchkov in the series 
of experiments on dogs briefly mentioned above. Two indepen- 
dent setups were built in a large room with a certain space 
between them. They shared some similar components: a_ short 
platform, a box with an in-built device for food and water 
delivery 4-meter-distant from it and a lever to press in order to get 
food or water, spaced at 80 cm from the latter. On the same dogs 
and in the same series of experiments a system of drinking condi- 
tioned reflexes was established on the first of these setups and a 
system of food conditioned reflexes on the second one. The respec- 
tive starting signals were a musical tone for the drinking system 
of conditioned reflexes and rhythmical metronome ticks for the 
system of food reflexes. 

Among the facts obtained from the experimental stage of reflex 
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specialization and consolidation the following deserve attention. 
With thirst pre-intensified in the dogs by water deprivation they 
would commonly rush, once in the experimental room, to the start 
platform for the system of drinking conditioned reflexes and stayed 
there until the starting signal stimulus came into action. Similarly, 
with pre-intensified hunger through food deprivation they would 
enter the room and go to the start platform of the food reflexes and 
remained there until the adequate starting signal came through. 
After a chain of movements were performed and reinforced with the 
appropriate food product they would return to their adequate start 
platform. If, however, satiety with either product was reached they 
would often move to an inadequate start platform. Some of the 
dogs experiencing very hard thirst or hunger would much rather 
stay near the adequate box instead of on the start platform; not in- 
frequently they would run up straight to the adequate box without 
stopping to press the lever and did it after approaching the box. 
Simultaneous satiety with water and food led to disturbance of the 
reflex systems and confusion in deciding between the start platform 
as well as between the levers and boxes. On several occasions the 
dogs would merely wander about the room, coming up at times 
to one or the other of the boxes and pressing one or the other lever. 

These facts reveal quite obviously the singular importance at- 
taching to excitability of the central nervous structures of the 
most complex alimentary and drinking conditioned reflexes in the 
performance of appropriate behavioural acts, but not only that. To 
us, they would appear also to be suggestive of two-way specialized 
conditioned connexions that come up between the cortical elements 
of the structures associated with either unconditioned reflex and the 
cortical points of the systems of advance towards the appropriate 
start platform, lingering on it and pressing the appropriate lever. 
This applies to the formation of both, the forward conditioned con- 
nexions from the cortical points of these movements to the cortical 
points of each of the reinforcing stimuli, and the specialized back- 
ward conditioned connexions by whose activation the central ner- 
vous structures of the reinforcing stimulus actually elicit, for the 
most part, the above-mentioned goal-directed movements. 

We see the data as a preliminary and more or less adequate 
experimental support for the expounded viewpoint on the physio- 
logical mechanisms for the goal-directed character of motivated be- 
haviour. 

We realize fully well that our ideas of the reflex mechanisms of 
motivated behaviour, outlined here, have much hypothetical and 
debatable about them and consequently need to be further explored 
in a consistent and thorough-going manner both theoretically and 
experimentally. We believe, however, that our proposed concept, 
even as it stands now, compares favourably, with the current, half- 
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way and eclectic and sometimes also teleological concepts because 
it is seeking to transport the question about the mechanisms of mo- 
tivated behaviour onto the tried-and-tested footing of the reflex 
theory and include the problem as a whole within the compass of 
the Pavlovian potent monistic teaching of higher nervous activity. 
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